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1
MARINE FUEL COMPOSITIONS WITH
ACCEPTABLE WAX BEHAVIOR

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a Continuation-in-Part Application and
claims priority to pending U.S. application Ser. No. 16/716,
875 filed on Dec. 17, 2019, the entirety of which is incor-
porated herein by reference, which claims the benefit of U.S.
Provisional Application Ser. No. 62/816,642 filed Mar. 11,
2019 which is also herein incorporated by reference in its
entirety.

FIELD

This application relates to marine fuel compositions and,
more particularly, embodiments relate to marine fuel com-
positions that have acceptable wax behavior, i.e. no wax-
related filter plugging during operation of a marine vessel.

BACKGROUND

Marine fuel compositions, sometimes referred to as bun-
ker fuel, have conventionally included heavy petroleum
fractions that may be otherwise difficult and/or expensive to
convert to a beneficial use. The heavy petroleum fractions
may include heavier distillation fractions that are lightly
processed (or even unprocessed), such as vacuum gas oils,
heavy atmospheric gas oil, atmospheric tower bottoms,
vacuum tower bottoms, and other residual components. Due
in part to use of the marine fuel compositions in international
waters, the fuels have typically incorporated heavy petro-
leum fractions with relatively high sulfur content. However,
many countries have recently adopted local specifications
for lower sulfur emissions from marine vessels. In addition,
the International Maritime Organization implemented a new
global sulfur limit of 0.50 wt. % sulfur, effective Jan. 1,
2020, commonly referred to as “IMO 2020.”

In preparing low-sulfur fuels that are IMO 2020 compli-
ant, different hydrocarbon components can be blended.
These different hydrocarbon components can contain wax,
such as paraffin wax. Since wax can be problematic, there is
a need to manage wax content when making IMO 2020
compliant marine fuel compositions. For example, solid wax
in the marine fuel compositions can lead to filter blocking in
the fuel handling system and starve the engine of fuel. If
solid wax is present, the marine fuel compositions may be
heated to melt any wax prior to injection into the engine.
However, engine manufacturers also specify an operating
viscosity at which the marine fuel composition should be
injected into the engine. Raising the temperature of the fuel
to melt the wax decreases fuel viscosity. In some cases,
raising the temperature of the fuel to melt the wax may result
in too low of a viscosity that is unsuitable for operating the
marine engine. IMO 2020 compliant fuels may have inher-
ently lower viscosity due to containing more low viscosity
flux materials for sulfur correction, thereby increasing the
risk that a fuel cannot be heated to melt wax while still
maintaining sufficient viscosity for engine operation. Such
fuels have unacceptable wax behavior, i.e. wax-related filter
plugging would occur during operation of a marine vessel at
the desired fuel operating viscosity. Wax-related filter plug-
ging could negatively impact vessel operation by causing
more frequent filter changes, or if the filter plugging cannot
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2

be managed by filter changes, starving a marine engine of
fuel resulting in a loss of propulsion.

SUMMARY

Disclosed herein are marine fuel compositions having
acceptable wax behavior, i.e. no wax-related filter plugging
during operation of a marine vessel. A fuel composition with
acceptable wax behavior may be characterized by any of
several desirable properties, such as: (1) a wax endpoint of
100° C. or less measured by DSC in combination with a ratio
of kinematic viscosity at 100° C. (“KV100”) to operating
viscosity greater than 1; (2) a ratio of measured or calculated
kinematic viscosity at the wax endpoint to operating vis-
cosity greater than 1; or (3) a ratio of kinematic viscosity at
50° C. (“KV50”) to wax flow viscosity of greater than 1. For
the purpose of calculating ratios in (1) through (3) above, the
operating viscosity used for determining the ratio may be the
lowest allowable operating viscosity recommended by the
engine manufacturer (“OV,”), the lowest allowable operat-
ing viscosity adjusted for test precision (“OV "), the lowest
optimal operating viscosity recommended by the engine
manufacturer (“OV,”), or the lowest optimal operating
viscosity adjusted for test precision (“OV_”).

In one form disclosed herein, provided is a marine fuel
composition having the following enumerated properties: a
kinematic viscosity at 50° C. of about 5 ¢St to about 700 cSt;
a wax endpoint temperature of less than about 100° C.; and
a ratio of kinematic viscosity at 100° C. to operating
viscosity greater than 1, wherein the operating viscosity is at
least about 2 ¢St. The marine fuel composition exists in a
liquid phase with essentially all the wax in the composition
melted (essentially free of solid wax) prior to fuel injection
into a marine engine.

In another form disclosed herein, provided is a marine
fuel composition having the following enumerated proper-
ties: a kinematic viscosity at 50° C. of about 5 ¢St to about
700 cSt; a wax endpoint temperature of about 35° C. to
about 130° C.; and a ratio of kinematic viscosity at wax
endpoint temperature to operating viscosity greater than 1,
wherein the operating viscosity is at least about 2 ¢St, and
wherein the marine fuel composition exists in a liquid phase
with essentially all the wax in the composition melted
(essentially free of solid wax) prior to fuel injection into a
marine engine.

In yet another form disclosed herein, provided is a marine
fuel composition having the following enumerated proper-
ties: a kinematic viscosity at 50° C. of about 5 ¢St to about
700 cSt; a wax endpoint temperature of about 35° C. to
about 130° C.; and a ratio of kinematic viscosity at 50° C.
to wax flow viscosity of greater than 1, wherein the wax flow
viscosity is calculated using an operating viscosity of about
2 ¢St to about 12 ¢St, and wherein the marine fuel compo-
sition exists in a liquid phase with essentially all the wax in
the composition melted (essentially free of solid wax) prior
to fuel injection into a marine engine.

BRIEF DESCRIPTION OF THE DRAWINGS

These drawings illustrate certain aspects of the present
invention and should not be used to limit or define the
invention.

FIG. 1 illustrates a flow chart describing two approaches
to determine wax behavior of a marine fuel composition.

FIG. 2 illustrates a flow chart describing an approach to
determine wax behavior of a marine fuel composition using
a calculated wax flow viscosity.
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FIG. 3 illustrates a prophetic graph of temperature versus
heat flow for two different marine fuel compositions.

FIG. 4 illustrates a prophetic graph of the log of the
kinematic viscosity versus temperature for a marine fuel
composition.

FIG. 5 describes properties of four unique samples of fuel
blending component Heavy Fraction C.

FIG. 6 illustrates a graph of the log of the kinematic
viscosity versus temperature for Heavy Fraction C and
calculating wax flow viscosity.

FIG. 7 describes properties of fuel blending components
Heavy Fraction C1, Distillate Flux 1, Distillate Flux 2, and
the properties of blends Fuel A and Fuel B.

FIG. 8 illustrates a graph of the log of the kinematic
viscosity versus temperature for Fuel A and calculating wax
flow viscosity.

FIG. 9 illustrates a graph of the log of the kinematic
viscosity versus temperature for Fuel B and calculating wax
flow viscosity.

FIG. 10 describes properties of fuel blending components
Heavy Fraction Al, Heavy Fraction B3, Distillate Flux B2,
Distillate Flux C3, and the properties of blends Fuel C and
Fuel D.

FIG. 11 illustrates a graph of the log of the kinematic
viscosity versus temperature for Fuel C.

FIG. 12 illustrates a graph of the log of the kinematic
viscosity versus temperature for Fuel D.

FIG. 13 describes properties of ten distillate fluxes and ten
heavy fractions which are blended together to generate
marine fuel compositions.

FIG. 14 describes properties of a range of marine fuel
compositions which are deemed to have acceptable wax
behavior based on the approach or calculating a wax flow
viscosity using operating viscosity equal to about 12 ¢St, and
then dividing the marine fuel composition KV50 by the
calculated wax flow viscosity.

FIG. 15 describes properties of a range of marine fuel
compositions which are deemed to have unacceptable wax
behavior based on the approach or calculating a wax flow
viscosity using operating viscosity equal to about 12 ¢St, and
then dividing the marine fuel composition KV50 by the
calculated wax flow viscosity.

DETAILED DESCRIPTION

In various embodiments, the present disclosure may
include marine fuel compositions that are low sulfur and
have acceptable wax behavior, i.e. no wax-related filter
plugging during operation of a marine vessel. Embodiments
disclosed herein may use measured wax endpoint tempera-
tures in combination with measured viscosities at one tem-
perature, such as 100° C., or at two temperatures, such as 40°
C. and 100° C. or 50° C. and 100° C., with calculation of
viscosity at wax endpoint, or calculation of wax flow vis-
cosity, to provide marine fuel compositions that are essen-
tially free of solid wax as it is being injected into the engine
at a desired operating viscosity. The operating viscosity may
be selected from a range of values including the lowest
allowable operating viscosity recommended by the engine
manufacturer (“OV,”), the lowest allowable operating vis-
cosity adjusted for test precision (“OV,.”), the lowest
optimal operating viscosity recommended by the engine
manufacturer (“OV,”), or the lowest optimal operating
viscosity adjusted for test precision (“OV,.”).

As described above, many countries have adopted local
specifications for lower sulfur emissions from marine ves-
sels. Even further, IMO 2020 is requiring development of
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new marine fuel compositions that are low sulfur to meet the
new sulfur requirements that are being implemented on Jan.
1, 2020. In addition to IMO 2020, marine fuel compositions
classified as residual marine fuels must meet the require-
ments of ISO 8217, Fuel Standard Sixth Edition 2017, Table
2.

To provide marine fuel compositions that are low sulfur,
embodiments may include blending conventional hydrocar-
bon components, such as heavy petroleum fractions, that are
typically higher in sulfur content with a distillate flux that is
typically lower in sulfur content. While this can provide
marine fuel compositions with desirable sulfur concentra-
tions, embodiments may further include monitoring the
viscosity and wax content of the marine fuel compositions
and selecting a suitable fuel system temperature on a marine
vessel to ensure adequate flowability at the desired fuel
viscosity without undesirable wax-related filter plugging.
For example, the heavy petroleum fractions typically have a
high viscosity while fluxes typically have a low viscosity.
The use of fluxes that are lower sulfur in embodiments of the
marine fuel compositions can reduce the viscosity of the
marine fuel composition to levels that may be lower than
pre-2020 marine fuel compositions. In some embodiments,
the marine fuel compositions may contain one or more
renewable blending components.

Examples of suitable marine fuel compositions may
include a hydrocarbon component or blend of two or more
hydrocarbon components such that the marine fuel compo-
sitions have the properties enumerated herein, such as one or
more of sulfur content, density, kinematic viscosity at about
50° C. (“KV50”), wax endpoint, and acceptable wax behav-
ior, i.e. no wax-related filter plugging during operation of a
marine vessel. By way of example, a marine fuel composi-
tion may include a heavy petroleum fraction and/or a
distillate flux. The heavy petroleum fraction typically may
include long-chain paraffinic molecules that can form a solid
wax at moderate temperatures, such as ambient to about
130° C. In addition to problems with wax formation, the
heavy petroleum fractions are also typically lightly pro-
cessed (or even unprocessed) so can contain higher sulfur
content. To provide the requisite sulfur levels and wax
behavior, the heavy petroleum fractions can be blended with
distillate flux. In some embodiments, the composition of the
components of the marine fuel compositions and their
relative proportions can be selected to provide a marine fuel
composition having the properties enumerated herein.

Additional properties that can characterize heavy petro-
leum fractions, include, but are not limited to, density,
KV50, carbon residue, pour point, and wax endpoint. In
some embodiments, the heavy petroleum fraction may have
a density in g/cm® of about 0.93 to about 1.0, for example
about 0.95 to about 1, or about 0.93 to about 0.95. In some
embodiments, the heavy petroleum fraction may have a
KV50 in ¢St (“cSt”) of about 30 or greater, for example
about 30 to about 2,500,000, about 30 to about 100, about
100 to about 10,000, or about 500 to about 1,000. In some
embodiments, the heavy petroleum fraction may have a
carbon residue in wt. % of about 1 to about 18, or about 1
to about 15, or about 1 to about 12. In some embodiments,
the heavy petroleum fraction may have a pour point in
degrees Celsius (“° C.”) of about 0 or greater, for example
about 0 to about 35, or about 0 to about 25, or about 0 to
about 20, or about 0 to about 15. In some embodiments, the
heavy petroleum fraction may have a wax endpoint tem-
perature in degrees Celsius (“° C.”) of about 350r greater, for
example about 35 to about 130, or about 35 to about 100, or
about 40 to about 90, or about 40 to about 80. In some
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embodiments, the heavy petroleum fraction may have a high
sulfur content. For example, the heavy petroleum fraction
may have a sulfur content in wt. % of greater than about
0.10, for example about 0.10 to about 5, about 0.50 to about
3, or about 1 to about 2.5. Examples of suitable heavy
petroleum fractions may include a variety of different hydro-
carbon fractions including, but not limited to, distillates and
residues, such as heavy atmospheric gas oil, vacuum gas oil,
vacuum residuals from fractionating (total/partial) crude
oils, atmospheric residuals from fractionating (total/partial)
crude oils, visbreaker residuals, deasphalted residuals, and
slurry oil, among others. One of ordinary skill in the art, with
the benefit of this disclosure, should be able to select an
appropriate heavy petroleum fraction for a particular appli-
cation.

Distillate fluxes have a reduced boiling point compared to
the previously described heavy petroleum fraction. Addi-
tional properties that can characterize distillate fluxes
include, but are not limited to, density and KV50. In some
embodiments, the distillate flux may have a density in g/cm®
of about 0.75 to about 1.0, for example about 0.75 to about
0.9, about 0.83 to about 0.87, or about 0.9 to about 1. In
some embodiments, the distillate flux may have a KV50 in
¢St of about 1 to about 30, for example about 1 to about 20,
about 1 to about 10, about 1 to about 5, about 10 to about 20,
or about 15 to about 20. In some embodiments, the distillate
flux may have a low carbon residue such that when blended
with the heavy petroleum fraction, the marine fuel compo-
sition will have a reduced carbon residue compared to the
neat heavy petroleum fraction. In some embodiments the
distillate flux may have a low pour point, such that when
blended with the heavy petroleum fraction, the marine fuel
composition will have a reduced pour point compared to the
neat heavy petroleum fraction. In some embodiments, the
distillate flux may have a low wax endpoint, such that when
blended with the heavy petroleum fraction, the marine fuel
composition will have a reduced wax endpoint temperature
compared to the neat heavy petroleum fraction. In some
embodiments, the distillate flux may have a low sulfur
content, such that when blended with the heavy petroleum
fraction, the marine fuel composition may be considered
IMO 2020 compliant. For example, the distillate flux may
have a sulfur content in wt. % of less than about 0.05, for
example, about 0.05 to about 0.0001, about 0.1 to about
0.0001, or about 0.001 to about 0.0005. Examples of suitable
distillate fluxes may include a variety of different hydrocar-
bon fractions including, but not limited to, light atmospheric
gas oil from the atmospheric tower in fractionating (total/
partial) crude oil, automotive fuel oil, hydrotreated veg-
etable oil (HVO) also referred to as renewable diesel, or
hydrocarbon fractions from the catalytic cracker main frac-
tionator. A specific example of a distillate flux may include
diesel, such as ultra-low-sulfur diesel, which is defined by
the Environmental Protection Agency to have a maximum
sulfur content of 15 parts per million.

The heavier petroleum fractions and/or the distillate
fluxes may be included in the marine fuel compositions in
any suitable concentration, to provide the marine fuel com-
position with desirable properties. For example, the heavier
petroleum fractions may be included in an amount of 1 vol.
% to 90 vol. %, for example, about 1 vol. % to about 60 vol.
%, about 1 vol. % to about 30 vol. %, about 1 vol. % to about
to 10 vol. %, about 1 vol. % to about 5 vol. %, about 1 vol.
% to about 3 vol. %, about 3 vol. % to about 90 vol. %, about
5 vol. % to about 90 vol. %, about 10 vol. % to about 90 vol.
%, about 30 vol. % to about 90 vol. %, about 60 vol. % to
about 90 vol. %, or about 80 vol. % to about 80 vol. %. By
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way of further example, the distillate flux may be included
in an amount of 10 vol. % to 99 vol. %, for example, about
10 vol. % to about 90 vol. %, about 10 vol. % to about 60
vol. %, about 10 vol. % to about 30 vol. %, about 20 vol. %
to about 99 vol. %, about 30 vol. % to about 99 vol. %, about
60 vol. % to about 99 vol. %, or about 90 vol. % to about
99 vol. %. One of ordinary skill in the art with the benefit of
this disclosure should be able to select an appropriate
amount of the heavier petroleum fractions and/or the distil-
late fluxes to include in the marine fuel compositions for a
particular application.

In some embodiments, viscosity of the marine fuel com-
positions may be monitored to ensure compliance with
viscosity requirements from the engine manufacturers. Typi-
cally, engine manufacturers will specify a viscosity range at
which a marine fuel composition should be injected into the
marine engine. This viscosity requirement for injection may
range, for example, from about 2 ¢St to about 20 cSt,
regardless of temperature. For example, the engine manu-
facturer may specify that the marine fuel should ideally be
injected at an optimal operating viscosity ranging from
about 12 ¢St to about 18 ¢St. Some IMO 2020 compliant
fuels with high concentrations of distillate flux have inher-
ently lower viscosity and cannot be operated in the optimal
viscosity range. For such fuels the lowest allowable opera-
tional viscosity at injection may be used as a guide. The
lowest allowable operational viscosity at injection as speci-
fied by engine manufacturers is about 2 ¢St, therefore, it is
allowed but not optimal to inject a marine engine with fuel
viscosity in the range of about 2 ¢St to less than about 12 cSt.
In some embodiments the operating viscosity is adjusted to
account for precision of kinematic viscosity measurement.
To meet the desired viscosity at injection, the temperature of
the marine fuel composition may be modulated. For
example, high viscosity marine fuel compositions may be
heated to reduce the viscosity to meet the viscosity at
injection, while some low viscosity marine fuel composi-
tions may be cooled to increase the viscosity at injection.

In some embodiments, the wax behavior of the marine
fuel compositions may be monitored to ensure that the fuel
is essentially free of solid wax when the fuel is injected into
the engine. As previously described, solid wax in the marine
fuel composition can lead to filter blocking in the fuel
handling system, thus potentially starving the engine of fuel.
If solid wax is present in the marine fuel composition,
embodiments may include increasing the temperature at
which the marine fuel composition may be injected into the
engine so that essentially all the wax would be melted and
in the liquid phase prior to injection. However, with hydro-
carbon components in the marine fuel composition that are
low sulfur and low viscosity to reach the new sulfur require-
ments, the overall viscosity of the marine fuel composition
may be low enough such that raising the temperature to
reduce solid wax may result in too low of viscosity, poten-
tially below the lowest optimal operating viscosity or below
the lowest allowable operating viscosity. Such fuels, if
maintained above the lowest allowable operating viscosity
would plug filters, cause operational problems on a marine
vessel and generally be described as having unacceptable
wax behavior. Accordingly, embodiments may include using
various approaches to provide a marine fuel composition
with acceptable wax behavior. For example, (1) a wax
endpoint of 100° C. or less measured by DSC in combina-
tion with a ratio of kinematic viscosity at 100° C. to
operating viscosity greater than 1; (2) a ratio of measured or
calculated kinematic viscosity at the wax endpoint to oper-
ating viscosity greater than 1; or (3) a ratio of kinematic
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viscosity at 50° C. to wax tlow viscosity of greater than 1.
For any of the approaches (1) through (3) above, the
operating viscosity used for determining the ratio may be (a)
the lowest optimal operating viscosity, OV, (b) the lowest
optimal operating viscosity adjusted to account for test
precision, OV ., (c) the lowest allowable operating viscos-
ity, OV, or (d) the lowest allowable operating viscosity
adjusted to account for test precision, OV 5.

Based on the relationship between viscosity and wax
behavior for embodiments of the marine fuel compositions
having low sulfur content, various desirable properties for a
fuel oil composition may be specified. Examples of suitable
marine fuel compositions may be enumerated by the fol-
lowing properties: (i) a sulfur content of about 0.50 wt. % or
less; (ii) a density at 15° C. of about 0.86 g/cm’ to about 1.01
g/em?;(iii) a kinematic viscosity at 50° C. (“KV50”) of about
1 ¢St to about 700 cSt; and (iv) acceptable wax behavior, i.e.
no wax-related filter plugging during operation of a marine
vessel.

One property that can be used for selection and/or modi-
fication of embodiments of the marine fuel compositions is
sulfur content. By way of example, the marine fuel compo-
sitions may be considered IMO 2020-compliant in that
embodiments of the marine fuel oil compositions have a
sulfur content of about 0.50 wt. % or less. Sulfur (in wppm
or wt. %) can be determined according to ASTM D2622,
ASTM D 4294, ISO 8754, or ISO 14596. Examples of
suitable marine fuel compositions may have a sulfur content
of about 0.0001 wt. % to about 0.50 wt. %, for example,
about 0.0001 wt. % to about 0.05 wt. %, about 0.01 wt. %
to about 0.1 wt. %, about 0.05 wt. % to about 0.50 wt. %,
about 0.1 wt. % to about 0.3 wt. %, about 0.2 wt. % to about
0.45 wt. %, or about 0.4 wt. % to about 0.49 wt. %. Specific
examples of suitable marine fuel compositions may have a
sulfur content of about 0.0001 wt. %, about 0.001 wt. %,
0.005 wt. %, about 0.01 wt. %, about 0.02 wt. % about 0.03
wt. %, about 0.05 wt. %, 0.1 wt. %, about 0.2 wt. %, about
0.3 wt. %, about 0.4 wt. %, about 0.45 wt. %, about 0.49 wt.
%, or about 0.50 wt. %. One of ordinary skill in the art, with
the benefit of this disclosure, should be able to select an
appropriate sulfur content for embodiments of the marine
fuel compositions, as desired for a particular application.

The marine fuel compositions disclosed herein may be
considered Emission Control Area (ECA)-compliant in that
certain embodiments of the marine fuel oil compositions
have a sulfur content of about 0.10 wt. % or less; and/or (2)
the marine fuel compositions may be considered suitable for
marine vessels equipped with emissions scrubbing equip-
ment in that certain embodiments of the marine fuel oil
compositions have a sulfur content of about 3.5 wt. % or
less.

Another property that can be used for selection and/or
modification of embodiments of the marine fuel composi-
tions is density. The standardized test methods in ASTM
D4052, ISO 3675, or ISO 12185 are defined as providing the
procedure for determination of density. In some embodi-
ments, a marine fuel composition may have a density at 15°
C. of about 0.86 g/cm?> to about 1.01 g/cm’. For example, the
density at 15° C. of the marine fuel composition may be
about 0.86 g/cm® to about 1.0 g/cm®, about 0.86 g/cm> to
about 0.98 g/cm®, 0.86 g/cm® to about 0.97 g/cm?, about
0.86 g/cm® to about 0.93 g/cm?, about 0.86 g/cm® to about
0.9 g/cm®, 0.86 g/cm’® to about 0.89 g/cm?, about 0.9 g/cm®
to about 1.01 g/ecm?®, about 0.9 g/cm® to about 0.95 g/cm?,
about 0.94 g/cm® to about 1.01 g/cm?, about 0.98 g/cm’ to
about 1.01 g/cm?, or about 1.0 g/cm® to about 1.01 g/cm®.
Specific examples of suitable marine fuel compositions may
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have a density at 15° C. of about 0.86 g/cm?, about 0.87
g/em?, about 0.88 g/cm?, about 0.89 g/cm?, about 0.9 g/cm?,
about 0.91 g/cm?, about 0.92 g/cm?>, about 0.93 g/cm?, about
0.94 g/cm?®, about 0.95 g/cm?®, about 0.96 g/cm®, about 0.97
g/em?, about 0.98 g/cm?, about 0.99 g/cm?, about 1 g/cm?,
orabout 1.01 g/cm®. One of ordinary skill in the art, with the
benefit of this disclosure, should be able to select an appro-
priate density for embodiments of the marine fuel compo-
sitions, as desired for a particular application.

Another property that can be used for selection and/or
modification of embodiments of the marine fuel composi-
tions is asphaltene content. The standardized test methods in
ASTM D3279, ASTM D6560, or IP 143 are defined as
providing the procedure for determination of asphaltene
content. Asphaltene content may also be termed n-heptane
insolubles, and these terms may be used interchangeably in
the specification and the claims. In some embodiments, a
marine fuel composition may have an asphaltene content of
about 0.5 wt. % to about 10 wt. %, or about 0.5 wt. % to
about 8 wt. %, or about 0.5 wt. % to about 6 wt. %, or about
0.5 wt. % to about 5 wt. %, or about 0.5 wt. % to about 4
wt. %, or about 0.5 wt. % to about 3 wt. %, or about 0.5 wt.
% to about 2 wt. %, or about 0.8 wt. % to about 10 wt. %,
or about 0.8 wt. % to about 8 wt. %, or about 0.8 wt. % to
about 6 wt. %, or about 0.8 wt. % to about 5 wt. %, or about
0.8 wt. % to about 4 wt. %, or about 0.8 wt. % to about 3
wt. %, or about 1 wt. % to about 8 wt. %, or about 1 wt. %
to about 5 wt. %. One of ordinary skill in the art, with the
benefit of this disclosure, should be able to select an appro-
priate asphaltene content for embodiments of the marine fuel
compositions, as desired for a particular application.

Another property that can be used for selection and/or
modification of embodiments of the marine fuel composi-
tions is carbon residue. The standardized test methods in
ASTM D4530, ASTM D524, or ISO 10370 are defined as
providing the procedure for determination of carbon residue.
Carbon residue may also be termed micro carbon residue or
Ramsbottom carbon residue, and these may be used inter-
changeably in the specification and the claims. In some
embodiments, a marine fuel composition may have a carbon
residue of about 0.5 wt. % to about 18 wt. %, or about 0.5
wt. % to about 15 wt. %, or about 0.5 wt. % to about 12 wt.
%, or about 0.5 wt. % to about 10 wt. %, or about 0.5 wt.
% to about 5 wt. %, or about 0.5 wt. % to about 2 wt. %, or
about 1 wt. % to about 18 wt. %, or about 1 wt. % to about
15 wt. %, or about 1 wt. % to about 12 wt. %, or about 1 wt.
% to about 10 wt. %, or about 1 wt. % to about 8 wt. %, or
about 1 wt. % to about 5 wt. %, or about 2 wt. % to about
5 wt. %, or about 2 wt. % to about 5 wt. %, or about 2 wt.
% to about 10 wt. %. One of ordinary skill in the art, with
the benefit of this disclosure, should be able to select an
appropriate carbon residue for embodiments of the marine
fuel compositions, as desired for a particular application.

Another property that can be used for selection and/or
modification of embodiments of the marine fuel composi-
tions is T50. The standardized test methods in ASTM D86,
ASTM D2887, or ASTM D7169 are defined as providing the
procedure for determination of T50. In some aspects, the
fuel compositions disclosed herein can have a T50 distilla-
tion point of 400° C. or more, or 450° C. or more, or 500°
C. or more, or 550° C. or more, or 600° C. or more, or
potentially higher. One of ordinary skill in the art, with the
benefit of this disclosure, should be able to select an appro-
priate T50 for embodiments of the marine fuel compositions,
as desired for a particular application.

Another property that can be used for selection and/or
modification of embodiments of the marine fuel composi-
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tions is T90. The standardized test methods in ASTM D86,
ASTM D2887, or ASTM D7169 are defined as providing the
procedure for determination of T90. In some aspects, the
fuel compositions disclosed herein can have a T90 distilla-
tion point of 450° C. or more, or 500° C. or more, or 550°
C. or more, or 600° C. or more, or 650° C. or more, or 700°
C., or 750° C. or more, or potentially higher. One of ordinary
skill in the art, with the benefit of this disclosure, should be
able to select an appropriate T90 for embodiments of the
marine fuel compositions, as desired for a particular appli-
cation.

Yet another property that can be used for selection and/or
modification of embodiments of the marine fuel composi-
tions is KV50. The standardized test methods in ASTM
D445 or ISO 3104 are defined as providing the procedure for
determining KV50. In some embodiments, a marine fuel
composition may have a KV50 of about 5 ¢St to about 700
cSt, for example, about 5 ¢St to about 650 cSt, about 5 ¢St
to about 600 ¢St, about 5 ¢St to about 550 ¢St, about 5 ¢St
to about 500 ¢St, about 5 ¢St to about 450 ¢St, about 5 ¢St
to about 400 ¢St, about 5 ¢St to about 350 ¢St, about 5 ¢St
to about 300 ¢St, about 5 ¢St to about 250 ¢St, about 5 ¢St
to about 200 ¢St, about 5 ¢St to about 150 ¢St, about 5 ¢St
to about 100 cSt, about 5 ¢St to about 80 ¢St, about 5 ¢St to
about 60 c¢St, about 5 ¢St to about 40 cSt, about 5 ¢St to
about 20 ¢St, about 10 ¢St to about 700 ¢St, about 50 ¢St to
about 700 c¢St, about 100 ¢St to about 700 cSt, about 150 ¢St
to about 700 ¢St, about 200 ¢St to about 700 ¢St, about 250
¢St to about 700 ¢St, about 300 ¢St to about 700 ¢St, about
350 ¢St to about 700 ¢St, about 400 ¢St to about 700 cSt,
about 450 ¢St to about 700 ¢cSt, about 500 ¢St to about 700
¢St, about 550 ¢St to about 700 cSt, about 600 ¢St to about
700 cSt, about 650 ¢St to about 700 cSt. Specific examples
of suitable marine fuel oil compositions may have a KV50
of about 5 ¢St, about 10 ¢St, about 50 ¢St, about 100 cSt,
about 150 ¢St, about 200 ¢St, about 250 ¢St, about 300 cSt,
about 350 ¢St, about 380 ¢St, about 400 ¢St, about 450 cSt,
about 500 ¢St, about 550 ¢St, about 600 ¢St, about 650 cSt,
or about 700 ¢St. In some embodiments, the marine a marine
fuel composition may have a KV50 of about 700 ¢St or less,
about 600 ¢St or less, about 400 ¢St or less, about 200 ¢St
or less, or about 100 ¢St or less. In accordance with some
embodiments, selection and/or modification of an appropri-
ate KV50 in combination with wax flow viscosity provide an
ability for the marine fuel compositions to meet viscosity
requirements from engine manufacturers while also being
essentially free of solid wax during injection into the engine.
One of ordinary skill in the art, with the benefit of this
disclosure, should be able to select an appropriate KV50 for
embodiments of the marine fuel compositions, as desired for
a particular application.

Yet another property that can be used for selection and/or
modification of embodiments of the marine fuel composi-
tions is the kinematic viscosity at 100° C. (“KV100”). The
standardized test methods in ASTM D445 or ISO 3104 are
defined as providing the procedure for determining KV100.
In some embodiments, a marine fuel composition may have
a KV100 of about 1 ¢St to about 200 cSt, about 1 ¢St to
about 150 cSt, about 1 ¢St to about 100 ¢St, about 1 ¢St to
about 80 c¢St, about 1 ¢St to about 60 cSt, about 1 ¢St to
about 50 c¢St, about 1 ¢St to about 40 cSt, about 1 ¢St to
about 20 ¢St, about 10 ¢St to about 200 ¢St, about 20 ¢St to
about 200 c¢St, about 50 ¢St to about 200 ¢St, about 100 ¢St
to about 200 c¢St, or about 150 ¢St to about 200 cSt. Specific
examples of suitable marine fuel oil compositions may have
a KV100 of about 2 ¢St, about 5 ¢St, about 10 ¢St, about 50
¢St, about 100 ¢St, about 150 cSt, or about 200 cSt. In some
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embodiments, the marine a marine fuel composition may
have a KV100 of about 200 ¢St or less, about 100 ¢St or less,
about 60 ¢St or less, about 10 ¢St or less, or about 5 ¢St or
less. In accordance with some embodiments, selection and/
or modification of an appropriate KV100 in combination
with operating viscosity provide an ability for the marine
fuel compositions to meet viscosity requirements from
engine manufacturers while also being essentially free of
solid wax during injection into the engine. One of ordinary
skill in the art, with the benefit of this disclosure, should be
able to select an appropriate KV100 for embodiments of the
marine fuel compositions, as desired for a particular appli-
cation.

Yet another property that can be used for selection and/or
modification of embodiments of the marine fuel composi-
tions is wax endpoint. In some embodiments, a marine fuel
composition may have a wax endpoint temperature of about
35° C. to about 130° C., for example about 35° C. to about
120° C., about 35° C. to about 110° C., about 35° C. to about
100° C., about 35° C. to about 90° C., about 35° C. to about
80° C., about 35° C. to about 70° C., about 35° C. to about
60° C., about 35° C. to about 50° C., about 35° C. to about
40° C., about 40° C. to about 130° C., about 50° C. to about
130° C., about 60° C. to about 130° C., about 70° C. to about
130° C., about 80° C. to about 130° C., about 90° C. to about
130° C., about 100° C. to about 130° C., about 110° C. to
about 130° C., about 120° C. to about 130° C., about 40° C.
to about 120° C., about 40° C. to about 110° C., about 40°
C. to about 100° C., about 40° C. to about 90° C., about 40°
C. to about 80° C., about 40° C. to about 70° C., about 40°
C. to about 60° C., or about 40° C. to about 50° C. Specific
examples of suitable marine fuel oil compositions may have
a wax endpoint temperature of about 35° C., about 40° C.,
about 50° C., about 60° C., about 70° C., about 80° C., about
90° C., about 100° C., about 110° C., about 120° C., or about
130° C. One of ordinary skill in the art, with the benefit of
this disclosure, should be able to select an appropriate wax
endpoint temperature for embodiments of the marine fuel
compositions, as desired for a particular application.

Yet another property that can be used for selection and/or
modification of embodiments of the marine fuel composi-
tions is the kinematic viscosity at the wax endpoint. The
standardized test methods in ASTM D445 or ISO 3104 are
defined as providing the procedure for determining the
kinematic viscosity at the wax endpoint experimentally, or,
the kinematic viscosity at the wax endpoint can be calcu-
lated using online tools for viscosity calculation in accor-
dance with ASTM D341, by inputting into the online tool
two viscosities at two different temperatures and the wax
endpoint temperature. In some embodiments, a marine fuel
composition may have a kinematic viscosity at the wax
endpoint of about 1 ¢St to about 200 cSt, about 1 ¢St to about
150 ¢St, about 1 ¢St to about 100 ¢St, about 1 ¢St to about
80 ¢St, about 1 ¢St to about 60 ¢St, about 1 ¢St to about 50
¢St, about 1 ¢St to about 40 ¢St, about 1 ¢St to about 20 ¢St,
about 10 ¢St to about 200 ¢St, about 20 ¢St to about 200 cSt,
about 50 ¢St to about 200 ¢St, about 100 ¢St to about 200
cSt, or about 150 ¢St to about 200 cSt. Specific examples of
suitable marine fuel oil compositions may have a kinematic
viscosity at the wax endpoint of about 2 cSt, about 5 cSt,
about 10 ¢St, about 50 ¢St, about 100 ¢St, about 150 ¢St, or
about 200 cSt. In some embodiments, the marine fuel
composition may have a kinematic viscosity at the wax
endpoint of about 200 cSt or less, about 100 cSt or less,
about 60 ¢St or less, about 10 ¢St or less, or about 5 ¢St or
less. In accordance with some embodiments, selection and/
or modification of an appropriate kinematic viscosity at the
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wax endpoint in combination with operating viscosity pro-
vide an ability for the marine fuel compositions to meet
viscosity requirements from engine manufacturers while
also being essentially free of solid wax during injection into
the engine. One of ordinary skill in the art, with the benefit
of this disclosure, should be able to select an appropriate
kinematic viscosity at the wax endpoint for embodiments of
the marine fuel compositions, as desired for a particular
application.

Yet another property that can be used for selection and/or
modification of embodiments of the marine fuel composi-
tions is operating viscosity (“OV”). The operating viscosity
may be selected according to engine manufacturer recom-
mendations. According to engine manufacturers, the lowest
allowable operating viscosity for engine operation is about
2 ¢St (defined herein as “OV,”), and the lowest operating
viscosity that will provide optimal operation is about 12 ¢St
(defined herein as “OV ), where between about 12 ¢St to 18
¢St represents boundaries of the optimal operating viscosity
range. A vessel operator is allowed to operate a marine
vessel fuel handling system using an operating viscosity
between about 2 ¢St and less than about 12 ¢St, however,
this condition will not provide optimal engine operation. In
some embodiments the operating viscosity is adjusted to
account for precision of kinematic viscosity measurement.
The method described herein is defined as providing an
operating viscosity adjusted for test precision, also referred
to herein as a precision-adjusted operating viscosity. The
methodology by which operating viscosity may be adjusted
to account for precision of kinematic viscosity measurement
by ASTM D445 will now be described. To ensure that a
measurement of kinematic viscosity by ASTM D445 will be
above the operating viscosity with 95% confidence, an
operating viscosity adjusted for precision (referred to herein
as “OV”) may be used for the purpose of comparing
measured or calculated kinematic viscosity to operating
viscosity. The OV is defined as a kinematic viscosity value
that may be reduced by the calculated test reproducibility
(R) for an ASTM D445 kinematic viscosity measurement at
100° C. and result in a value greater than the non-adjusted,
manufacturer recommended operating viscosity, also shown
in the equation below. More specifically the manufacturer-
recommended lowest allowable operating viscosity OV, and
the manufacturer-recommended lowest optimal operating
viscosity OV, may be adjusted for test precision to result
precision adjusted values OV, and OV, respectively,
which are also described in the equations below.

OVp-R>0OV
OV _~R>0V,

OV, ~R>0V,

For an OV, 0f 2.000 ¢St, the OV, value of 2.275 ¢St was
determined to meet the requirements of the equation shown
above. OV, was calculated according to the relationship
OV, ~R>0V, where OV, is the manufacturer-recom-
mended lowest allowable operating viscosity, 2.000 cSt, and
R is the calculated test reproducibility (R) for an ASTM
D445 kinematic viscosity measurement at 100° C. Per the
ASTM D445 method, R is equal to 0.1206x, where x is the
average of two results being compared, and for the purpose

12

of this calculation x is equal to the OV, value. An OV,
value of 2.275 ¢St was determined to satisfy this relation-
ship:

OV p~R>0V, (1

R=0.1206x0V_,=0.1206x2.000cS5r=0.2744cSt 2)

OV,p-0.2744¢51>2.000¢St 3)

10 2.275¢5t-0.2744¢St=2.001¢St, which satisfies(3) 4

For an OV, of 12.000 cSt, the OV, value of 13.65 ¢St
was determined to meet the requirements of the equation
shown above. OV_, can be calculated according to the
relationship OV, ,— R>0V_, where OV is the manufac-
turer-recommended lowest optimal operating viscosity,
12.00 cSt, and R is the calculated test reproducibility (R) for
an ASTM D445 kinematic viscosity measurement at 100° C.
Per the ASTM D445 method, R is equal to 0.1206x, where
x is the average of two results being compared, and for the
purpose of this calculation x is equal to the OV, value. An
OV, value of 13.65 ¢St was determined to satisfy this
relationship:

15

20

OV, —R>0V, M
25

R=0.1206x0V_,=0.1206x12.00cS5t=1.646cSt 2)

OV, p—1.646¢St>12.00cSt 3)
30 13.65¢51-1.646¢5t=12.004¢S5t, which satisfies(3) 4

One of ordinary skill in the art, with the benefit of this
disclosure, should be able to select an appropriate operating
viscosity or precision-adjusted operating viscosity for
embodiments of the marine fuel compositions, as desired for
a particular application.

Yet another property that can be used for selection and/or
modification of embodiments of the marine fuel composi-
tions is ratio of kinematic viscosity at 100° C. to the
operating viscosity. It has been determined that, for marine
fuel compositions with wax endpoint<100° C., there is a
relationship between kinematic viscosity at 100° C. to the
operating viscosity. In accordance with certain embodi-
ments, marine fuel compositions with acceptable wax
behavior have a kinematic viscosity at 100° C. that is greater
than the operating viscosity. By way of example, if the
kinematic viscosity at 100° C. of the marine fuel composi-
tion is greater than the operating viscosity, then essentially
all the wax should be melted at injection temperature. In
other words, essentially all the wax in the marine fuel
composition should be in a liquid state as it is being injected
into the engine, thus reducing problems caused by solid wax
blocking the fuel filters. In some embodiments, a marine fuel
composition may have a ratio of kinematic viscosity at 100°
C. to operating viscosity greater than 1. By way of example,
the marine fuel composition may have a ratio of kinematic
viscosity at 100° C. to operating viscosity of about 1.01 to
about 50, for example, about 1.1 to about 50, about 2 to
about 50, about 5 to about 50, about 10 to about 50, about
15 to about 50, about 20 to about 50, about 30 to about 50,
about 40 to about 50, about 1.01 to about 45, about 1.01 to
about 40, about 1.01 to about 30 about 1.01 to about 20,
about 1.01 to about 15, about 1.01 to about 10, about 1.01
to about 5, about 1.01 to about 2, about 2 to about 50, about
2 to about 40, about 2 to about 30, about 2 to about 20, about
2 to about 10, about 5 to about 40, about 5 to about 30, about
5 to about 10, about 10 to about 30, or about 10 to about 20.
Specific examples of suitable marine fuel compositions may
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have a ratio of kinematic viscosity at 100° C. to operating
viscosity of about 1.01, about 1.5, about 2, about 2.5, about
3, about 4, about 5, about 10, about 15, about 20, about 30,
about 40, or about 50. In accordance with some embodi-
ments, selection and/or modification of the ratio of kine-
matic viscosity at 100° C. to operating viscosity can provide
an ability for the marine fuel compositions to meet viscosity
requirements from engine manufacturers while also being
essentially free of solid wax during injection into the engine,
and the marine fuel composition is considered to have
acceptable wax behavior. One of ordinary skill in the art,
with the benefit of this disclosure, should be able to select a
ratio of kinematic viscosity at 100° C. to operating viscosity
for embodiments of the marine fuel compositions, as desired
for a particular application.

A technique for determining the ratio of the kinematic
viscosity at 100° C. to the operating viscosity will now be
described. The technique is also summarized in flow chart
form in FIG. 1 The method described herein is defined as
providing the ratio of the kinematic viscosity at 100° C. to
the operating viscosity. The method includes measuring a
wax endpoint temperature for a marine fuel composition,
determining that the wax endpoint temperature is less than
100° C., measuring kinematic viscosity of the marine fuel
composition at 100° C. (“KV1007), identifying an opera-
tional viscosity for use of the marine fuel composition,
which may be the lowest operating viscosity or the lowest
optimal viscosity required by the engine manufacturer, with
or without adjusting for precision, and if the ratio of the
kinematic viscosity at 100° C. to the operating viscosity is
less than or equal to 1, either (a) rejecting the marine fuel
composition, or proceeding to evaluate the marine fuel
composition by an alternative technique, such as (b) deter-
mining the ratio of the kinematic viscosity at the wax
endpoint temperature to the operating viscosity, as shown in
FIG. 1, or (c) determining the ratio of the KV50 to the wax
flow viscosity, as shown in FIG. 2. Should this ratio of the
kinematic viscosity at 100° C. to the operating viscosity of
the marine fuel composition be greater than 1, then the
marine fuel composition may have an acceptable wax
behavior, indicating that essentially all the wax will be
melted during injection into the engine while having an
allowable kinematic viscosity.

In determining the ratio of the kinematic viscosity at 100°
C. to the operating viscosity, the method includes determin-
ing a wax endpoint temperature. Determining the wax
endpoint can include measuring the temperature profile of
the marine fuel composition. By way of example, the
temperature profile may be measured using differential
scanning calorimetry (“DSC”) in which the difference in the
amount of heat required to increase the temperature of a
sample is measured as a function of temperature. The DSC
may be performed, for example, in accordance with any
suitable technique, including, but not limited to, ASTM
D4419-90 (2015). In some embodiments, the wax endpoint
point may be determined based on the DSC. Embodiments
may use a heat flow or a heat flux DSC. The heat flow or heat
flux determined from the DSC may be provided as function
of temperature. FIG. 3 is an illustrative plot of heat flow as
a function of temperature for a heat flow DSC. In FIG. 3, the
heat flow is plotted as a function of temperature, shown as
curves 100 and 101. The point where curve 100 or 101
reaches an asymptote and returns to the baseline is the wax
endpoint temperature. On FIG. 3, the wax endpoint tem-
perature is at point 200 or 201. After it is determined, the
wax endpoint temperature is then compared to the maximum
wax endpoint temperature limit of 100° C. Should the wax
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endpoint temperature of the marine fuel composition be less
than 100° C., then the method of calculating the ratio of the
kinematic viscosity at 100° C. to the operating viscosity can
be used to determine whether a marine fuel composition has
acceptable wax behavior (i.e. ratio of kinematic viscosity at
100° C. to the operating viscosity greater than 1). Should the
wax endpoint temperature of the marine fuel composition be
greater than 100° C., then the method of taking the ratio of
the kinematic viscosity at 100° C. to the operating viscosity
should not be used to determine whether a marine fuel
composition has acceptable wax behavior (i.e. ratio of
kinematic viscosity at 100° C. to the operating viscosity
greater than 1), and instead, the method of using a ratio of
the measured or calculated kinematic viscosity at the wax
endpoint temperature to the operating viscosity is appropri-
ate, or the method of calculating a wax flow viscosity and
comparing the measured KV50 to the wax flow viscosity is
appropriate. These methods are described later in this docu-
ment.

In determining ratio of the kinematic viscosity at 100° C.
to the operating viscosity, the method includes identifying an
operating viscosity. In some embodiments, the operating
viscosity may be selected from operating viscosity values
specifically recommended by engine manufacturers.
According to engine manufacturers, the lowest allowable
operating viscosity for engine operation is about 2 ¢St
(defined herein as “OV,”), and the lowest operating viscos-
ity that will provide optimal operation is about 12 ¢St
(defined herein as “OV,”). In some embodiments, the manu-
facturer-recommended lowest allowable operating viscosity
OV, or the manufacturer-recommended lowest optimal
operating viscosity OV _ may be adjusted for test precision to
result precision adjusted values OV, and OV, respec-
tively, as described in a previous section.

After it is determined, for example using method ASTM
D445, the kinematic viscosity at 100° C. is then compared
to the operating viscosity. Should the kinematic viscosity at
100° C. of the marine fuel composition be greater than the
operating viscosity (i.e., a ratio of kinematic viscosity at
100° C. to operating viscosity of greater than 1), then the
marine fuel composition may have an acceptable wax
behavior, indicating that essentially all the wax will be
melted during injection into the engine while having an
allowable kinematic viscosity. However, should this ratio of
kinematic viscosity at 100° C. to operating viscosity be less
than or equal to 1, either (a) reject the marine fuel compo-
sition, or proceed to evaluate the marine fuel composition by
an alternative technique, such as (b) determining the ratio of
the kinematic viscosity at the wax endpoint temperature to
the operating viscosity, shown in FIG. 1, or (c) determining
the ratio of the KV50 to the wax flow viscosity, as shown in
FIG. 2. If a fuel composition is rejected, remedial steps may
be taken to adjust the kinematic viscosity at 100° C. to
provide a ratio of kinematic viscosity at 100° C. to operating
viscosity greater than 1, and thereby, acceptable wax behav-
ior. For example, the fuel composition may be re-blended,
wherein concentration of one or more components in the
marine fuel composition may be adjusted. Alternatively, the
fuel composition may be re-blended wherein one or more
additional hydrocarbon components may be added to the
marine fuel composition.

Yet another property that can be used for selection and/or
modification of embodiments of the marine fuel composi-
tions is a ratio of the kinematic viscosity at the wax endpoint
temperature to the operating viscosity. It has been deter-
mined that for marine fuel compositions there is a relation-
ship between kinematic viscosity at the wax endpoint tem-
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perature to the operating viscosity. In accordance with
certain embodiments, marine fuel compositions with an
acceptable wax behavior have a kinematic viscosity at the
wax endpoint temperature that is greater than the operating
viscosity. By way of example, if the kinematic viscosity at
the wax endpoint temperature of the marine fuel composi-
tion is greater than the operating viscosity, then essentially
all the wax should be melted at injection temperature. In
other words, essentially all the wax in the marine fuel
composition should be in a liquid state as it is being injected
into the engine, thus reducing problems caused by solid wax
blocking the fuel filters. In some embodiments, a marine fuel
composition may have a ratio of kinematic viscosity at the
wax endpoint to operating viscosity greater than 1. By way
of example, the marine fuel composition may have a ratio of
kinematic viscosity at wax endpoint to operating viscosity of
about 1.01 to about 50, for example, about 1.1 to about 50,
about 2 to about 50, about 5 to about 50, about 10 to about
50, about 15 to about 50, about 20 to about 50, about 30 to
about 50, about 40 to about 50, about 1.01 to about 45, about
1.01 to about 40, about 1.01 to about 30 about 1.01 to about
20, about 1.01 to about 15, about 1.01 to about 10, about
1.01 to about 5, about 1.01 to about 2, about 2 to about 50,
about 2 to about 40, about 2 to about 30, about 2 to about 20,
about 2 to about 10, about 5 to about 40, about 5 to about 30,
about 5 to about 10, about 10 to about 30, or about 10 to
about 20. Specific examples of suitable marine fuel compo-
sitions may have a ratio of kinematic viscosity at wax
endpoint to operating viscosity of about 1.01, about 1.5,
about 2, about 2.5, about 3, about 4, about 5, about 10, about
15, about 20, about 30, about 40, or about 50. In accordance
with some embodiments, selection and/or modification of
the ratio of kinematic viscosity at wax endpoint to operating
viscosity can provide an ability for the marine fuel compo-
sitions to meet viscosity requirements from engine manu-
facturers while also being essentially free of solid wax
during injection into the engine. Such marine fuel compo-
sitions are said to have acceptable wax behavior. One of
ordinary skill in the art, with the benefit of this disclosure,
should be able to select a ratio of kinematic viscosity at wax
endpoint to operating viscosity for embodiments of the
marine fuel compositions, as desired for a particular appli-
cation.

A technique for determining the ratio of the kinematic
viscosity at the wax endpoint temperature to the operating
viscosity will now be described. The technique is also
summarized in flow chart form in FIG. 1. The method
described herein is defined as providing the ratio of the
kinematic viscosity at the wax endpoint temperature to the
operating viscosity. The method includes measuring a wax
endpoint temperature for a marine fuel composition, mea-
suring kinematic viscosity of the marine fuel composition at
two temperatures, calculating the kinematic viscosity of the
marine fuel composition at the wax endpoint temperature
according to the method ASTM D341, identifying an opera-
tional viscosity for use of the marine fuel composition,
which may be the lowest allowable operating viscosity or
the lowest optimal viscosity required by the engine manu-
facturer, and if the ratio of the calculated kinematic viscosity
at the wax endpoint temperature to the operating viscosity is
less than or equal to 1, either (a) rejecting the marine fuel
composition, or proceeding to evaluate the marine fuel
composition by an alternative technique, such as (b) deter-
mining the ratio of the KV50 to the wax flow viscosity, as
shown in FIG. 2. Should this ratio of the calculated kine-
matic viscosity at the wax endpoint temperature to the
operating viscosity of the marine fuel composition be equal
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to or greater than 1, then the marine fuel composition may
have an acceptable wax behavior, indicating that essentially
all the wax will be melted during injection into the engine
while having an allowable kinematic viscosity.

In determining the ratio of the calculated kinematic vis-
cosity at the wax endpoint temperature to the operating
viscosity, the method includes determining a wax endpoint
temperature. Determining the wax endpoint can include
measuring the temperature profile of the marine fuel com-
position. By way of example, the temperature profile may be
measured using differential scanning calorimetry (“DSC”)
in which the difference in the amount of heat required to
increase the temperature of a sample is measured as a
function of temperature. The DSC may be performed, for
example, in accordance with any suitable technique, includ-
ing, but not limited to, ASTM D4419-90 (2015). In some
embodiments, the wax endpoint point may be determined
based on the DSC. Embodiments may use a heat flow or a
heat flux DSC. The heat flow or heat flux determined from
the DSC may be provided as function of temperature. FIG.
3 is an illustrative plot of heat flow as a function of
temperature for a heat flow DSC. In FIG. 3, the heat flow is
plotted as a function of temperature, shown as curves 100
and 101. The point where curve 100 or 101 reaches an
asymptote and returns to the baseline is the wax endpoint
temperature. On FIG. 3, the wax endpoint temperature is at
point 200 or 201.

In determining ratio of the calculated kinematic viscosity
at the wax endpoint temperature to the operating viscosity,
the method includes identifying an operational viscosity. In
some embodiments, the operating viscosity may be selected
from operating viscosity values specifically recommended
by engine manufacturers. According to engine manufactur-
ers, the lowest allowable operating viscosity for engine
operation is about 2 ¢St (defined herein as “OV ), and the
lowest operating viscosity that will provide optimal opera-
tion is about 12 ¢St (defined herein as “OV,”). In some
embodiments, the manufacturer-recommended lowest
allowable operating viscosity OV, or the manufacturer-
recommended lowest optimal operating viscosity OV, may
be adjusted for test precision to result precision adjusted
values OV, and OV_,, respectively, as described in a
previous section.

In determining the ratio of the calculated kinematic vis-
cosity at the wax endpoint temperature to the operating
viscosity, the method includes determining a measured or
calculated kinematic viscosity at the wax endpoint tempera-
ture. Determining the calculated kinematic viscosity at the
wax endpoint temperature can include: measuring the kine-
matic viscosity at two temperatures, preferably at 40° C. and
at 100° C. or at 50° C. and at 100° C., measuring the wax
endpoint temperature by DSC as previously described, and
using the ASTM D341 method to calculate the kinematic
viscosity at the wax endpoint. The ASTM D341 method
includes equations to solve for (calculate) a kinematic
viscosity at a specified temperature, using as inputs two
kinematic viscosity measurements at two different tempera-
tures. Solving for viscosity using the ASTM D341 method
can be readily accomplished using online tools for viscosity
calculation in accordance with ASTM D341, such as online
tools found at the websites https://www.paragon-sci.com/
D341 or https://wiki.anton-paar.com/us-en/astm-d341-vis-
cosity-temperature-extrapolation/. By inputting into the
online tool two viscosities at two different temperatures,
preferably 40° C. and 100° C., or 50° C. and 100° C., and
the wax endpoint temperature by DSC, the online tool
provides a calculation of the kinematic viscosity at the wax
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endpoint temperature. In some embodiments, one skilled in
the art may choose to calculate kinematic viscosity at the
wax endpoint temperature using any other appropriate meth-
odology, for example by calculation using the linear rela-
tionship between log of kinematic viscosity and temperature
(log KV—temperature chart), or another suitable approach,
or experimentally measure the kinematic viscosity of a fuel
composition at the wax endpoint temperature using ASTM
D445 or a similar test method.

After it is determined, the kinematic viscosity at the wax
endpoint temperature is then compared to the operating
viscosity. Should the kinematic viscosity at the wax endpoint
temperature of the marine fuel composition be greater than
the operating viscosity (i.e., a ratio of kinematic viscosity at
the wax endpoint temperature to operating viscosity of
greater than 1), then the marine fuel composition may have
an acceptable wax behavior, indicating that essentially all
the wax will be melted during injection into the engine while
having an allowable kinematic viscosity. However, should
this ratio of kinematic viscosity at the wax endpoint tem-
perature to operating viscosity be less than or equal to 1, then
either (a) the marine fuel composition may be rejected, or (b)
the marine fuel composition may be evaluated by an alter-
native technique, such as determining the ratio of the KV50
to the wax flow viscosity, as shown in FIG. 2. If a fuel
composition is rejected, remedial steps may be taken to
adjust the kinematic viscosity at the wax endpoint tempera-
ture to provide a ratio of kinematic viscosity at the wax
endpoint temperature to operating viscosity greater than 1,
and thereby, acceptable wax behavior. For example, the fuel
composition may be re-blended, wherein concentration of
one or more components in the marine fuel composition may
be adjusted. Alternatively, the fuel composition may be
re-blended wherein one or more additional hydrocarbon
components may be added to the marine fuel composition.

Yet another property that can be used for selection and/or
modification of embodiments of the marine fuel composi-
tions is ratio of KV50 to wax flow viscosity. It has been
determined that there is a relationship between wax flow
viscosity and KV50. In accordance with certain embodi-
ments, marine fuel compositions with an acceptable wax
behavior have a KV50 that is greater than the wax flow
viscosity. By way of example, if the KV50 of the marine fuel
composition is greater than the wax flow viscosity, then
essentially all the wax should be melted at injection tem-
perature. In other words, essentially all the wax in the marine
fuel composition should be in a liquid state as it is being
injected into the engine, thus reducing problems caused by
solid wax blocking the fuel filters. In some embodiments, a
marine fuel composition may have a ratio of KV50 to wax
flow viscosity greater than 1. By way of example, the marine
fuel composition may have a ratio of KV50 to wax flow
viscosity of about 1.01 to about 50, for example, about 1.1
to about 50, about 2 to about 50, about 5 to about 50, about
10 to about 50, about 15 to about 50, about 20 to about 50,
about 30 to about 50, about 40 to about 50, about 1.01 to
about 45, about 1.01 to about 40, about 1.01 to about 30
about 1.01 to about 20, about 1.01 to about 15, about 1.01
to about 10, about 1.01 to about 5, about 1.01 to about 2,
about 2 to about 50, about 2 to about 40, about 2 to about 30,
about 2 to about 20, about 2 to about 10, about 5 to about 40,
about 5 to about 30, about 5 to about 10, about 10 to about
30, or about 10 to about 20. Specific examples of suitable
marine fuel compositions may have a ratio of KV50 to wax
flow viscosity of about 1.01, about 1.5, about 2, about 2.5,
about 3, about 4, about 5, about 10, about 15, about 20, about
30, about 40, or about 50. In accordance with some embodi-
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ments, selection and/or modification of the ratio of KV50 to
wax flow viscosity can provide an ability for the marine fuel
compositions to meet viscosity requirements from engine
manufacturers while also being essentially free of solid wax
during injection into the engine. One of ordinary skill in the
art, with the benefit of this disclosure, should be able to
select a ratio of KV50 to wax flow viscosity for embodi-
ments of the marine fuel compositions, as desired for a
particular application.

As previously described, the wax flow viscosity of a
marine fuel composition is the minimum kinematic viscosity
at about 50° C. necessary to ensure that essentially all the
wax is melted prior to fuel injection at a minimum opera-
tional viscosity as specified by an engine manufacturer.
Engine manufacturers may specify different viscosity ranges
at which a marine fuel composition should be injected into
the marine engine. This viscosity requirement for injection
may range, for example, from about 2 ¢St to about 20 cSt,
regardless of temperature. As previously described, accord-
ing to engine manufacturers, the lowest allowable operating
viscosity for engine operation is about 2 ¢St (defined herein
as “OV,.”), and the lowest operating viscosity that will
provide optimal operation is about 12 ¢St (defined herein as
“OV.”).

A technique for determining wax flow viscosity will now
be described. The technique is also summarized in flow chart
form in FIG. 2. The method described herein is defined as
providing the procedure for determining wax flow viscosity.
The method includes determining a wax endpoint tempera-
ture for a marine fuel composition, identifying an opera-
tional viscosity for use of the marine fuel composition,
which may be the lowest allowable viscosity or the lowest
optimal viscosity required by the engine manufacturer, con-
verting the operational viscosity at the wax endpoint tem-
perature to a viscosity at 50° C., which is the wax flow
viscosity; and rejecting the marine fuel composition if the
ratio of the measured KV50 of the marine fuel composition
to wax flow viscosity is less than or equal to 1. Should this
ratio of the measured KV50 to the wax flow viscosity of the
marine fuel composition be equal to or greater than 1, then
the marine fuel composition may have an acceptable wax
behavior, indicating that essentially all the wax will be
melted during injection into the engine while having an
allowable kinematic viscosity.

In determining the wax flow viscosity, the method
includes determining a wax endpoint temperature. Deter-
mining the wax endpoint can include measuring the tem-
perature profile of the marine fuel composition. By way of
example, the temperature profile may be measured using
differential scanning calorimetry (“DSC”) in which the
difference in the amount of heat required to increase the
temperature of a sample is measured as a function of
temperature. The DSC may be performed, for example, in
accordance with any suitable technique, including, but not
limited to, ASTM D4419-90 (2015). In some embodiments,
the wax endpoint point may be determined based on the
DSC. Embodiments may use a heat flow or a heat flux DSC.
The heat flow or heat flux determined from the DSC may be
provided as function of temperature. FIG. 3 is an illustrative
plot of heat flow as a function of temperature for a heat flow
DSC. In FIG. 3, the heat flow is plotted as a function of
temperature, shown as curves 100 and 101. The point where
curve 100 or 101 reaches an asymptote and returns to the
baseline is the wax endpoint temperature. On FIG. 3, the
wax endpoint temperature is at point 200 or 201.

In determining wax flow viscosity, the method includes
identifying an operational viscosity required by the engine
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manufacturer. As previously described, engine manufactur-
ers may specify different viscosity ranges at which a marine
fuel composition should be injected into the marine engine.
This viscosity requirement for injection may range, for
example, from about 2 ¢St to about 20 cSt, regardless of
temperature For example, the engine manufacturer may
specify that the marine fuel should ideally be injected at an
optimal operating viscosity of about 12 ¢St to about 18 ¢St
thus providing a lowest optimal kinematic viscosity at
injection of 12 ¢St. Some IMO 2020 compliant fuels with
high concentrations of distillate flux have inherently lower
viscosity and cannot be operated in the optimal operating
viscosity range. For such fuels the lowest allowable oper-
ating viscosity may be used as a guide. The lowest allowable
operating viscosity specified by engine manufacturers is
about 2 cSt. Therefore, it is acceptable but not optimal to
operate a marine engine with fuel viscosity at injection in the
range of about 2 ¢St to less than about 12 ¢St. Operating a
marine engine with fuel viscosity at the point of injection of
less than about 2 ¢St would result in poor engine operation
and should not be practiced, per engine manufacturers.

Next, the viscosity-temperature relationship of the marine
fuel composition must be defined. The kinematic viscosity
of the marine fuel composition must be measured at two or
more different temperatures, preferably 40° C. and 100° C.,
50° C. and 100° C., or 40° C. and 50° C. and 100° C. The
log of the kinematic viscosity measurements are plotted
versus temperature (FIG. 4, Points 400 and 401, illustrating
measurements at two different temperatures). Using the log
of the measured kinematic viscosities and the test tempera-
tures, a line can be drawn (FIG. 4, curve 300). The equation
that describes this line is log(KV)=mT+b, where KV is the
measured kinematic viscosity in ¢St and T is the kinematic
viscosity measurement temperature in © C. The slope (m) of
this line describes the relationship between the log of the
kinematic viscosity and temperature for a particular marine
fuel composition.

To complete the determination of wax flow viscosity, the
wax flow viscosity is calculated from the wax endpoint
temperature, operational viscosity, and the slope that defines
the viscosity-temperature relationship for the marine fuel
composition. This wax flow viscosity may be calculated by
taking the log of the operational viscosity, subtracting the
slope multiplied by the difference in the wax endpoint
temperature and 50° C. The equation describing this trans-
formation is

WEV=0Vx107"FEP=50)

where

m=slope of the line defined by the log of the measured
kinematic viscosity versus temperature for a particular
marine fuel composition

WFV=wax flow viscosity

OV=operational viscosity, which may be the lowest allow-
able operational viscosity OV, or the lowest optimal oper-
ating viscosity OV,

WEP=wax endpoint

The measured kinematic viscosity at 50° C. is then com-
pared to wax flow viscosity. Should the measured kinematic
viscosity at 50° C. of the marine fuel composition be greater
than the wax flow viscosity (i.e,, a ratio of measured
kinematic viscosity at 50° C. to wax flow viscosity of greater
than 1), then the marine fuel composition may have an
acceptable wax behavior, indicating that essentially all the
wax will be melted during injection into the engine while
having an allowable kinematic viscosity. However, should
this ratio of measured kinematic viscosity at 50° C. to wax
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flow viscosity be less than or equal to 1, the marine fuel
composition will have unacceptable wax behavior and may
be rejected. Remedial steps may be taken to adjust the wax
flow viscosity to provide an acceptable wax behavior. For
example, the fuel composition may be re-blended, wherein
concentration of one or more components in the marine fuel
composition may be adjusted. Alternatively, the fuel com-
position may be re-blended wherein one or more additional
hydrocarbon components may be added to the marine fuel
composition.

As described above, there are three methodologies to
evaluate wax behavior of fuel compositions: (1) measuring
a fuel kinematic viscosity at 100° C., dividing the fuel
kinematic viscosity at 100° C. by the operating viscosity to
generate a ratio, and determining if the ratio is greater than
or less than or equal to 1, and either rejecting or re-blending
a fuel if it is less than or equal to 1, or proceeding to
re-evaluate by one of the following approaches (2) or (3); (2)
measuring a fuel kinematic viscosity at two or more tem-
peratures, such as 40° C. and 100° C., and calculating a
marine fuel viscosity at the wax endpoint according to
ASTM D341, dividing the fuel kinematic viscosity at the
wax endpoint by the operating viscosity to generate a ratio,
and determining if the ratio is greater than or less than or
equal to 1, and rejecting or re-blending a fuel if it is less than
or equal to 1, or proceeding to re-evaluate by approach (3);
(3) measuring a fuel kinematic viscosity at two tempera-
tures, such as 40° C. and 100° C., and converting the
operational viscosity at the wax endpoint temperature to a
calculated kinematic viscosity at 50° C. to define a wax flow
viscosity, and then dividing the measured kinematic viscos-
ity at 50° C. by the wax flow viscosity to generate a ratio,
determining if the ratio is greater than or less than or equal
to 1, and rejecting or re-blending a fuel if it is less than or
equal to 1. The methodologies to determine wax behavior by
approaches (1) through (3) are summarized in flow chart
form in FIG. 1 and FIG. 2. Approach (1) is a simplified
methodology that requires the least amount of data points to
complete, approach (2) requires additional data points com-
pared to approach (1), and approach (3) requires the most
amount of data on a given fuel composition to complete.
While approaches requiring less data, particularly approach
(1), may be faster or more convenient to implement, in some
cases they can inaccurately identify a fuel composition as
having unacceptable wax behavior, and where desired, the
results may be validated by generating additional data and
evaluating a fuel composition by approaches (2) and/or (3).
One of ordinary skill in the art, with the benefit of this
disclosure, should be able to select an appropriate approach
or approaches among (1) through (3) for embodiments of the
marine fuel compositions, as desired for a particular appli-
cation.

Definitions

All numerical values within the detailed description and
the claims herein are modified by “about” or “approxi-
mately” the indicated value, and take into account experi-
mental error and variations that would be expected by a
person having ordinary skill in the art.

“Major amount” as it relates to components included
within the fuel compositions of the specification and the
claims means greater than or equal to 50 wt. %, or greater
than or equal to 60 wt. %, or greater than or equal to 70 wt.
%, or greater than or equal to 80 wt. %, or greater than or
equal to 90 wt. % based on the total weight of the fuel.
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“Minor amount” as it relates to components included
within the fuel compositions of the specification and the
claims means less than 50 wt. %, or less than or equal to 40
wt. %, or less than or equal to 30 wt. %, or greater than or
equal to 20 wt. %, or less than or equal to 10 wt. %, or less
than or equal to 5 wt. %, or less than or equal to 2 wt. %, or
less than or equal to 1 wt. %, based on the total weight of the
fuel.

A distillate boiling range fraction is defined as a hydro-
carbon fraction having a T10 distillation point of 140° C. or
more and a T90 distillation point of 565° C. or less. A
distillate boiling range fraction may be further defined as a
hydrocarbon fraction in which at least 50 vol. % boils at
about 200° C. to about 550° C. (as measured by ASTM D
86-18) at atmospheric pressure, for example, about 200° C.
to about 400° C. or about 200° C. to about 350° C. Boiling
ranges in weight percent may also be determined using the
measurement technique described in ASTM D2887-18.

A vacuum gas oil boiling range fraction (also referred to
as a heavy distillate) can have a T10 distillation point of
350° C. or higher and a T90 distillation point of 535° C. or
less.

Unless otherwise specified, for resid-containing heavy
petroleum fractions, distillation points and boiling points
can be determined according to ASTM D7169-18. Boiling
ranges in weight percent may also be determined using the
measurement techniques described in ASTM D2887-18 or
ASTM D6352-1. For other fractions, distillation points and
boiling points can be determined according to ASTM
D2887-18, but for samples that are not susceptible to char-
acterization using ASTM D2887-18, ASTM D7169-18 can
be used.

A heavy petroleum fraction, also called heavy fraction or
resid-containing fraction, is defined as a fraction that
includes bottoms, and therefore can contain materials
including but not limited to: a vacuum resid (also referred to
as vacuum tower bottoms) and/or an atmospheric resid (also
referred to as atmospheric tower bottoms), main column
bottoms (also referred to as cat slurry or FCC bottoms),
steam cracker tar, visbreaker tar, any residue material
derived from low sulfur crude slates, LSFO, RSFO, or other
LSFO/RSFO blend stocks, as well as any of the above
materials that have undergone hydroprocessing to reduce
sulfur content. Heavy petroleum fractions may be further
defined as a hydrocarbon fraction in which at least 50 vol.
% boils at about 500° C. to about 750° C. (as measured by
ASTM DB86-18) at atmospheric pressure, for example, about
550° C. to about 650° C. or about 575° C. to about 625° C.
A vacuum resid may be further defined as a bottoms fraction
having a T10 distillation point of 400° C. or higher. An
atmospheric resid may be further defined as a bottoms
fraction having a T10 distillation point of 149° C. or higher,
or 350° C. or higher. In some aspects, an atmospheric resid
can have a T90 distillation point of 550° C. or more, or 565°
C. or more. A resid-containing fraction may additionally
contain distillate flux to improve handling characteristics
that facilitate movement and blending in a petroleum refin-
ery. Such a resid-containing fraction containing distillate
flux may be referred to as a “fluxed resid fraction.” Resid-
containing fraction and fluxed resid fraction may be used
interchangeably in the specification and the claims. It is
noted that the definitions for distillate boiling range fraction,
atmospheric resid, and vacuum resid are based on boiling
point only. Thus, a distillate boiling range fraction or a
resid-containing fraction (such as an atmospheric resid-
containing fraction or a vacuum resid-containing fraction)
can include components that did not pass through a distil-
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lation tower or other separation stage based on boiling point.
A shale oil distillate boiling range fraction is defined as a
shale oil fraction corresponding to the distillate boiling
range. A shale oil atmospheric resid is defined as a shale oil
bottoms fraction corresponding to an atmospheric resid. A
shale oil vacuum resid is defined as a shale oil bottoms
fraction corresponding to a vacuum resid.

With regard to characterizing properties of resid boiling
range fractions and/or blends of such fractions with other
components to form resid boiling range fuels, a variety of
methods can be used. Density of a blend at 15° C. (kg/m>)
can be determined according ASTM D4052, ISO 3675, or
ISO 12185. Sulfur (in wppm or wt. %) can be determined
according to ASTM D2622, ASTM D4294, ISO 8754, or
ISO 14596, while nitrogen (in wppm or wt. %) can be
determined according to D5291. Kinematic viscosity at 40°
C., 50° C., and/or 100° C. can be determined according to
ASTM D445 or ISO 3104. Pour point can be determined
according to ASTM D97 or ISO 3016. Micro Carbon
Residue (MCR) content can be determined according to
ASTM D4530 or ISO 10370.

In this discussion, “renewable blending components” can
correspond to renewable distillate and/or vacuum gas oil
and/or heavy fractions that are renewable based on one or
more attributes. Some renewable blending components can
correspond to components that are renewable based on being
of biological origin. Examples of renewable blending com-
ponents of biological origin can include, but are not limited
to, fatty acid methyl esters (FAME), fatty acid alkyl esters,
biodiesel, biomethanol, biologically derived dimethyl ether,
oxymethylene ether, liquid derived from biomass, pyrolysis
products from pyrolysis of biomass, products from gasifi-
cation of biomass, and hydrotreated vegetable oil. Other
renewable blending components can correspond to compo-
nents that are renewable based on being extracted from a
reservoir using renewable energy, such as petroleum
extracted from a reservoir using an extraction method that is
powered by renewable energy, such as electricity generated
by solar, wind, or hydroelectric power. Still other renewable
blending components can correspond to blending compo-
nents that are made or processed using renewable energy,
such as Fischer-Tropsch distillate that is formed using
processes that are powered by renewable energy, or conven-
tional petroleum distillate that is hydroprocessed/otherwise
refinery processed using reactors that are powered by renew-
able energy. Yet other renewable blending components can
correspond to fuel blending components formed from recy-
cling and/or processing of municipal solid waste, or another
source of carbon-containing waste. An example of process-
ing of waste is pyrolysis and/or gasification of waste, such
as or gasification of municipal solid waste.

Categories of Fuels

A fuel is a gaseous, liquid, or solid material used as an
energy source for combustion devices, including but not
limited to combustion engines in land-based, aeronautical,
or marine vehicles, combustion engines in generators, fur-
naces, boilers, and other combustion devices that are used to
provide heat or power. A fuel composition is understood to
refer to a gaseous, liquid, or solid material that can be used
as a fuel. For certain combustion devices, proper combustion
or operation of the combustion device may be ensured by
controlling fuel properties. The necessary properties of a
fuel for specific combustion devices may be specified in
standard specification documents. In order to be suitable for
its end use application in a combustion engine or other
combustion device, a gaseous, liquid, or solid material may
require the addition of one or more fuel additives. Fuels may
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be derived from renewable or conventional sources, or a
combination of both. A blend of one or more fatty acid alkyl
esters with a resid-containing fraction can be referred to as
a fuel composition.

A fuel blending component, also referred to herein as
“component” or a fuel “fraction,” which may be used
interchangeably in the specification and the claims, refers to
a liquid constituent that is blended with other fuel blending
components, components, or fuel fractions into the overall
fuel composition. In some cases fuel blending components
may possess the appropriate properties for use in a combus-
tion device without further modification. Fuel blending
components may be combined (blended) with fuels, other
fuel blending components, or fuel additives to form a
finished fuel or fuel composition that possesses the appro-
priate properties for use in a combustion device. Fuel
blending components may be derived from renewable or
conventional sources.

A conventional fuel is a fuel or fuel composition derived
from one or more conventional fuel blending components.
Conventional fuel blending components are derived from
conventional hydrocarbon sources such as crude oil, natural
gas, liquid condensates, heavy oil, shale oil, and oil sands,
as described in ASTM D4175.

A renewable fuel is a fuel or fuel composition derived
from one or more renewable fuel blending components.
Renewable fuel blending components are derived from
naturally-replenishing energy sources, such as biomass,
water, and electricity produced from hydropower, wind,
solar, or geothermal sources. Biofuels are a subset of renew-
able fuels manufactured from biomass-derived feedstocks
(e.g. plant or animal based materials). Examples of biofuels
include, but are not limited to, fatty acid methyl esters and
hydrotreated vegetable oils. The distillate boiling range
fraction of a hydrotreated vegetable oil (HVO) is also
referred to as renewable diesel.

Distillate flux, also referred to as “flux”, is a distillate
fraction that is blended with a residual fraction to form a
residual fuel composition. “Total flux” collectively refers to
all distillate fractions blended into a residual fuel composi-
tion. Total flux may include multiple distillate fluxes from
various sources. Examples of distillate flux include diesels,
gas oils, kerosenes, cycle oils, hydrotreated vegetable oil
(HVO), also referred to as renewable diesel, and gas-to-
liquid hydrocarbons. Distillate fluxes may be hydropro-
cessed to reduce sulfur content.

A hydrocarbon is a compound composed only of hydro-
gen and carbon atoms. As described in ASTM D4175,
hydrocarbon fuels consist primarily of hydrocarbon com-
pounds, but may also contain impurities and contaminants
from the fuel’s raw materials and manufacturing processes.
Definitions of Kinematic Viscosity, Operating Viscosity, and
Associated Terms

“Kinematic viscosity,” also referred to herein as “viscos-
ity,” is a measured quality of a liquid fuel describing its
resistance to flow under gravity. Viscosity of fuels can be
measured according to methods such as ASTM D445 or ISO
3104. Fuel viscosity is temperature dependent, therefore, the
temperature at which a viscosity is determined must be
specified (for example, “kinematic viscosity at 40° C.”). In
general, heating a fuel leads to a decrease in its measured
viscosity, whereas cooling a fuel leads to an increase in its
measured viscosity. Thus, for a given fuel, its viscosity at
40° C. would be greater than its viscosity at 50° C., and its
viscosity at 50° C. would be greater than its viscosity at 100°
C.
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As used herein, the term “operating viscosity” or “opera-
tional viscosity” (“OV”) refers to the viscosity of liquid fuel
in the fuel handling system onboard a marine vessel, while
the engine is in operation and the fuel handling system is
delivering fuel to the engine to power a combustion process.
More specifically, operating viscosity may refer to viscosity
of the fuel located in a portion of the fuel handling system
close to the point of fuel injection into the engine. Marine
vessels may have a fuel filter close to the point of fuel
injection into the engine (upstream of the point of injection)
referred to as the “last chance filter” as a last opportunity for
removal of contaminants from fuels to prevent contaminants
from entering the engine and damaging fuel injectors or
other engine parts. On a marine vessel the engine and the last
chance filter close to the engine may be housed in a space
referred to as the “engine room.” While ambient temperature
in the engine room is generally about 35° C. to 40° C., the
fuel handling system may be capable of heating or cooling
the fuel to different temperature, to adjust fuel viscosity to
a specific targeted value or to a value within a targeted range
of values. It is expected that the fuel handling system
manages the fuel such that it has a similar temperature and
viscosity in the last chance filter and the point of injection
into the engine.

As used herein, the term “optimal operating viscosity” or
“optimal viscosity” refers to a viscosity or a range of
viscosity values specified by an engine manufacturer that
provide ideal engine operation. For example, the engine
manufacturer may specify that fuel should be injected at a
kinematic viscosity ranging from about 12 ¢St to about 18
¢St for optimal engine operation. To accomplish this, the
fuel handling system would heat or cool the fuel as neces-
sary to adjust its viscosity until it is within the optimal
viscosity range of about 12 ¢St to about 18 cSt. The lowest
possible operating viscosity while remaining in the optimal
operating viscosity range is about 12 ¢St. Therefore, 12 ¢St
is referred to as the “lowest optimal operating viscosity” or
“lowest optimal viscosity.” As used herein, the lowest opti-
mal operating viscosity recommended by a manufacturer is
represented as OV,. As previously described, a manufac-
turer recommended operating viscosity may be adjusted for
test precision. For an OV | value this is done according to the
equation

OV, p-R>0V,

wherein OV, is defined as a kinematic viscosity value
that may be reduced by the calculated test reproducibility
(R) for an ASTM D445 kinematic viscosity measurement at
100° C. and result in a value greater than the manufacturer
recommended lowest optimal operating viscosity (OV ). For
an OV, of 12.00 cSt, the OV _, value of 13.65 cSt was
determined to meet the requirements of the equation shown.

As used herein, the term “lowest allowable operating
viscosity” or “lowest allowable viscosity” refers to the
lowest possible fuel kinematic viscosity at the engine that
can be used during operation of a marine engine, according
to engine manufactures. For example, the engine manufac-
turer may specify that marine fuel must be injected at a
viscosity of at least about 2 ¢St at the engine inlet at all times
during engine operation. To accomplish this, the fuel han-
dling system would heat or cool the fuel as necessary to
adjust its viscosity until it is above the lowest allowable
operating viscosity of about 2 cSt. As used herein, the lowest
allowable operating viscosity recommended by a manufac-
ture is represented as OV,. As previously described, a
manufacturer recommended operating viscosity may be
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adjusted for test precision to provide 95% confidence. For an
OV, value this is done according to the equation

OV,,~R>OVu

wherein OV is defined as a kinematic viscosity value
that may be reduced by the calculated test reproducibility
(R) for an ASTM D445 kinematic viscosity measurement at
100° C. and result in a value greater than the manufacturer
recommended lowest allowable operating viscosity (OV ).
For an OV, of 2.000 cSt, the OV, value of 2.275 ¢St was
determined to meet the requirements of the equation shown.

The measured kinematic viscosity of a marine fuel com-
position at a specified temperature (such as 100° C., or at the
wax endpoint temperature) can be divided by operating
viscosity to determine a ratio, were the ratio can indicate
acceptable wax behavior (Ratio>1) or unacceptable wax
behavior (Ratio<1).

Definitions of Wax, Wax Behavior, Wax Flow Viscosity and
Associated Terms

A paraffin wax, also referred to as “wax,” is a high
molecular weight hydrocarbon that can undergo a phase
transition between solid and liquid.

The concept of “wax-related filter plugging” describes a
condition in which there is reduced or no flow through a
filter because the filter is blocked by solid-phase wax. Filter
plugging may also be referred to as “filter blocking.” Accu-
mulation of wax on filters in the fuel handling system of a
marine vessel can potentially starve the engine of fuel
resulting in poor vessel operation or stopping a marine
vessel from operating.

As used herein, the term “wax behavior” refers to how
wax in a marine fuel composition interacts with filters in the
fuel handling system of a marine vessel and whether it
causes operational problems for the marine vessel by plug-
ging filters in the fuel handling system. The term “acceptable
wax behavior” refers to wax in a residual fuel composition
that does not cause filter plugging during vessel operation.
In general, the wax in the residual fuel composition will be
in the molten, or liquid, state to have acceptable wax
behavior. It is also possible that a residual fuel with accept-
able wax behavior contains a small amount of solid-phase
wax that is too low in weight to cause filter plugging. The
term “unacceptable wax behavior” refers to wax in a
residual fuel composition that does cause filter plugging
during vessel operation and has a negative impact on vessel
operation.

As used herein, the term “wax endpoint temperature,”
also referred to as “wax endpoint,” refers to the temperature
at which essentially all (98 wt. % or more) of the wax in a
fuel composition is melted and in a molten, or liquid, state,
at atmospheric pressure. At the wax endpoint temperature it
is expected that a fuel composition is essentially free of solid
wax (2 wt. % or less) and a fuel composition will not cause
wax-related filter plugging during engine operation.

As used herein, the term “wax flow viscosity” (“WFV”)
refers to the calculated minimum kinematic viscosity at 50°
C. necessary to ensure that essentially all the wax in the
marine fuel composition is melted prior to fuel injection at
an operational viscosity as specified by an engine manufac-
turer. Essentially all the wax is considered to be melted
where about 98 wt. % or more of the wax in the marine fuel
composition is melted (2 wt. % or less solid wax). The
measured kinematic viscosity at 50° C. of a marine fuel
composition can be divided by the calculated wax flow
viscosity of the marine fuel composition to determine a ratio,
where the ratio can indicate acceptable wax behavior (Ra-
tio>1) or unacceptable wax behavior (Ratio<l).
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“Essentially free” as it relates to solid wax included
within the fuel compositions of the specification and the
claims means that the solid wax is at less than 2 wt. % within
the fuel composition, and the fuel composition will not cause
wax-related filter plugging during engine operation.

EXAMPLES

To facilitate a better understanding of the present inven-
tion, the following examples of certain aspects of some
embodiments are given. In no way should the following
examples be read to limit, or define, the entire scope of the
invention.

Example 1

In this example, wax behavior of a heavy petroleum
fraction is determined by measuring kinematic viscosity
(KV) of the heavy petroleum fraction at a temperature of
100° C., and generating a ratio of the KV at 100° C. to the
desired operating viscosity at the engine inlet. Heavy Frac-
tion C represents a heavy petroleum fraction containing
residue, specifically, vacuum tower bottoms (VIB). Four
unique samples of Heavy Fraction C (C1, C2, C3, C4) were
obtained for evaluation. FIG. 5 provides a detailed list of
properties for the four unique samples of Heavy Fraction C.
As shown in Table 1, the wax endpoint of Heavy Fraction C
samples was generally found to be between 87 to 89° C.
Thus, it can be confidently determined that Heavy Fraction
C has a wax endpoint less than 100° C. KV at 100° C. for
Heavy Fraction C was determined, and a ratio generated by
dividing the KV at 100° C. by the operating viscosity at the
engine inlet, which is either (a) the lowest optimal operating
viscosity, OV _=12.00 cSt, (b) the lowest optimal operating
viscosity adjusted to account for test precision, OV _,=13.65
cSt, (c) the lowest allowable operating viscosity, OV ,=2.000
cSt, or (d) the lowest allowable operating viscosity adjusted
to account for test precision, OV ,=2.275 cSt. Ratios>1 for
all Heavy Fraction C samples show Heavy Fraction C has
acceptable wax behavior (i.e. no wax-related filter plugging
concerns) if used as a fuel on a marine vessel.

TABLE 1
Ratio, KV at
100° C. divided
Wax KV at OV at by OV at
Endpoint, 100° C., Engine Engine Inlet;
Component °C. cSt Inlet, cSt Ratio > 1?
Heavy 88 51.98 13.65 3.8; Yes
Fraction C1 12.00 4.3; Yes
2.275 23; Yes
2.000 26; Yes
Heavy 88 44.75 13.65 3.3; Yes
Fraction C2 12.00 3.7; Yes
2.275 20; Yes
2.000 22; Yes
Heavy 87 48.47 13.65 3.6; Yes
Fraction C3 12.00 4.0; Yes
2.275 21; Yes
2.000 24; Yes
Heavy 89 48.17 13.65 3.5; Yes
Fraction C4 12.00 4.0; Yes
2.275 21; Yes
2.000 24; Yes
Example 2

In this example, wax behavior of a heavy petroleum
fraction is determined by calculating kinematic viscosity
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(KV) of the heavy petroleum fraction at its wax endpoint
temperature, and generating a ratio of the kinematic viscos-
ity at the wax endpoint temperature to the operating viscos-
ity at the engine inlet. Specifically, the viscosities of Heavy
Fraction C1 and Heavy Fraction C3 at its wax endpoint were
calculated. As shown in Table 2, Heavy Fraction C1 wax
endpoint was determined by DSC, and viscosity was tested
at 40° C. and 100° C. To determine the viscosity of Heavy
Fraction C1 at its wax endpoint, the ASTM D341 procedure
was followed using its viscosity at 40° C. and 100° C., and
solving for viscosity at wax endpoint using an online cal-
culator as previously described. When the kinematic viscos-
ity at the 88° C. wax endpoint for Heavy Fraction C1 was
calculated according to ASTM D341, the viscosity was
calculated to be 83 cSt. A ratio was generated by dividing by
the calculated KV at the wax endpoint by the by the
operating viscosity at the engine inlet, which is either (a) the
lowest optimal operating viscosity, OV _=12.00 cSt, (b) the
lowest optimal operating viscosity adjusted to account for
test precision, OV_=13.65 cSt, (c¢) the lowest allowable
operating viscosity, OV _,=2.000 cSt, or (d) the lowest allow-
able operating viscosity adjusted to account for test preci-
sion, OV _=2.275 cSt. Ratios>1 for Heavy Fraction C1 show
Heavy Fraction C1 has acceptable wax behavior (i.e. no
wax-related filter plugging concerns) if used as a fuel on a
marine vessel. Also shown in Table 2, Heavy Fraction C3
wax endpoint was determined by DSC, and viscosity was
tested at 50° C. and 100° C. To determine the viscosity of
Heavy Fraction C3 at its wax endpoint, the ASTM D341
procedure was followed using its viscosity at 50° C. and
100° C., and solving for viscosity at wax endpoint using an
online calculator as previously described. When the kine-
matic viscosity at the 87° C. wax endpoint for Heavy
Fraction C3 was calculated according to ASTM D341, the
viscosity was calculated to be 75 ¢St. A ratio was generated
by dividing by the calculated KV at the wax endpoint by the
by the operating viscosity at the engine inlet, which is either
(a) the lowest optimal operating viscosity, OV _=12.00 cSt,
(b) the lowest optimal operating viscosity adjusted to
account for test precision, OV _=13.65 cSt, (c) the lowest
allowable operating viscosity, OV _=2.000 cSt, or (d) the
lowest allowable operating viscosity adjusted to account for
test precision, OV _=2.275 cSt. Ratios>1 for Heavy Frac-
tion C3 show Heavy Fraction C3 has acceptable wax behav-
ior (i.e. no wax-related filter plugging concerns) if used as a
fuel on a marine vessel.
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Example 3

In this example, wax behavior of a heavy petroleum
fraction is determined by calculating wax flow viscosity, and
generating a ratio of the KV at 50° C. to the wax flow
viscosity. Specifically, wax flow viscosity was determined
for Heavy Fraction C1 and Heavy Fraction C3. See FIG. 6
for an illustration of the wax flow viscosity calculation for
Heavy Fraction C1, and Table 3. For Heavy Fraction C1, the
wax flow viscosity was calculated using: the measured KVs
at 40° C. and 100° C., the measured wax endpoint tempera-
ture, and either (a) the lowest optimal operating viscosity,
OV _=12.00 cSt, or (b) the lowest allowable operating vis-
cosity, OV ,=2.000 cSt. A ratio was generated by dividing by
the measured KV at 50° C. by the calculated wax flow
viscosity values. Ratios>1 for Heavy Fraction C1 show
Heavy Fraction C1 has acceptable wax behavior (i.e. no
wax-related filter plugging concerns) if used as a fuel on a
marine vessel. This means that wax related filter plugging
would not occur if a marine vessel attempts to operate using
Heavy Fraction Cl, or, said another way, heat may be
applied to Heavy Fraction C1 to ensure all wax is in a molten
state while resulting in an operating viscosity that is in the
allowable range (i.e. between about 2 ¢St to less than about
12 ¢St) or the optimal range (i.e. between about 12 ¢St to
about 18 ¢St). For Heavy Fraction C3, the wax flow vis-
cosity was calculated using: the measured KVs at 50° C. and
100° C., the measured wax endpoint temperature, and either
(a) the lowest optimal operating viscosity, OV _=12.00 cSt,
or (b) the lowest allowable operating viscosity, OV ,=2.000
cSt. A ratio was generated by dividing by the measured KV
at 50° C. by the calculated wax flow viscosity values.
Ratios>1 for Heavy Fraction C3 show Heavy Fraction C3
has acceptable wax behavior (i.e. no wax-related filter
plugging concerns) if used as a fuel on a marine vessel. This
means that wax related filter plugging would not occur if a
marine vessel attempts to operate using Heavy Fraction C3,
or, said another way, heat may be applied to Heavy Fraction
C3 to ensure all wax is in a molten state while resulting in
an operating viscosity that is in the allowable range (i.e.
between about 2 ¢St to less than about 12 ¢St) or the optimal
range (i.e. between about 12 ¢St to about 18 cSt).

TABLE 2
Kinematic Ratio, Calculated
Kv Viscosity at KV at Wax Endpoint
at KvVat KVat Wax Wax Endpoint, OV at divided by OV at
40° C., 50° C., 100°C., Endpoint, cSt, Calculated Engine Engine Inlet;
Component cSt cSt cSt °C. by ASTMD341 Inlet, ¢St Ratio >1?
Heavy Fraction C1 1362 — 51.98 88 83 13.65 6.2; Yes
12.00 6.9; Yes
2275 37; Yes
2.000 42; Yes
Heavy Fraction C3 — 410.5 48.47 87 75 13.65 5.5; Yes
12.00 6.3; Yes
2.275 33; Yes
2.000 38; Yes
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TABLE 3
Ratio, KV at
50° C. divided
Kvat KVat KVat Wax OV at  Wax Flow by Wax Flow
40° C., 50° C., 100° C., Endpoint, Engine  Viscosity, Viscosity;
Component cSt cSt cSt °C. m Inlet, cSt cSt Ratio >1?
Heavy 1362 638.7 51.98 88 -0.02364 12.00 94.9 6.7; Yes
Fraction C1 2.000 15.8 40; Yes
Heavy — 410.5 48.47 87 -0.01856 12.00 58.3 7.0; Yes
Fraction C3 2.000 9.72 42; Yes
Example 4 cSt. Ratios=1 for OV, and OV, indicate that Fuel A has

In this example, wax behavior is determined for Fuel A, 15

a fuel composition created by blending a heavy petroleum
fraction (Heavy Petroleum Fraction C1) and a distillate flux
(Distillate Flux 1). Detailed properties of Fuel A are pro-
vided in FIG. 7. The wax endpoint of Fuel A was determined
by DSC and found to be less than 100° C. (Table 4). First,
wax behavior was determined for Fuel A using the approach
of measuring kinematic viscosity (KV) of the fuel compo-
sition at a temperature of 100° C., and generating a ratio of
the KV at 100° C. to the operating viscosity, which is in this
example is either (a) the lowest optimal operating viscosity,
OV _=12.00 cSt, (b) the lowest optimal operating viscosity
adjusted to account for test precision, OV _=13.65 cSt, (c)
the lowest allowable operating viscosity, OV ,=2.000 cSt, or
(d) the lowest allowable operating viscosity adjusted to
account for test precision, OV ,_,=2.275 cSt. Ratios=1 for OV,
and OV, indicate that Fuel A has unacceptable wax behav-
ior if operated at the lowest optimal viscosity. This means
that wax related filter plugging could occur if a marine
vessel attempts to operate Fuel A at an operating viscosity of
about 12 ¢St or 13.65 ¢St or higher, or, said another way,
applying sufficient heat to Fuel A to ensure all wax is in a
molten state results in an operating viscosity that is not in the
correct range to provide ideal engine operation (i.e. between
about 12 to 18 ¢St). Ratios>1 for OV, and OV, indicate
Fuel A has acceptable wax behavior if operated at the lowest
allowable viscosity. This means that wax related filter plug-
ging would not occur if a marine vessel attempts to operate
Fuel A at an operating viscosity of about 2 ¢St or 2.275 ¢St,
or, said another way, applying sufficient heat to Fuel A to
ensure all wax is in a molten state results in an operating
viscosity that is in the allowable range (i.e. between about 2
¢St to less than about 12 cSt).

Next, wax behavior of Fuel A is determined by calculating
kinematic viscosity (KV) of the fuel composition at its wax
endpoint temperature, and generating a ratio of the KV at the
wax endpoint temperature to the operating viscosity (Table
5), which is in this example is either (a) the lowest optimal
operating viscosity, OV _=12.00 cSt, (b) the lowest optimal
operating viscosity adjusted to account for test precision,
OV,_=13.65 cSt, (c) the lowest allowable operating viscos-
ity, OV _=2.000 cSt, or (d) the lowest allowable operating
viscosity adjusted to account for test precision, OV ,_,=2.275
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unacceptable wax behavior if operated at the lowest optimal
viscosity. This means that wax related filter plugging could
occur if a marine vessel attempts to operate Fuel A at an
operating viscosity of about 12 ¢St or 13.65 ¢St or higher, or,
said another way, applying sufficient heat to Fuel A to ensure
all wax is in a molten state results in an operating viscosity
that is not in the correct range to provide ideal engine
operation (i.e. between about 12 to 18 ¢St). Ratios>1 for
OV, and OV, indicate Fuel A has acceptable wax behavior
if operated at the lowest allowable viscosity. This means that
wax related filter plugging would not occur if a marine
vessel attempts to operate Fuel A at an operating viscosity of
about 2 ¢St or 2.275 cSt, or, said another way, applying
sufficient heat to Fuel A to ensure all wax is in a molten state
results in an operating viscosity that is in the allowable range
(i.e. between about 2 ¢St to less than about 12 cSt).

Finally, wax behavior of Fuel A is determined by calcu-
lating wax flow viscosity, and generating a ratio of the KV
at 50° C. to the wax flow viscosity (see Table 6 and FIG. 8).
The wax flow viscosity was calculated using: the measured
KVs at 40° C. and 100° C. for the blend, the measured wax
endpoint temperature for the blend, and either (a) the lowest
optimal operating viscosity, OV _=12.00 cSt, or (b) the
lowest allowable operating viscosity, OV,=2.000 cSt. A
ratio was generated by dividing by the measured KV at 50°
C. by the calculated wax flow viscosity values. Ratio=1 for
OV, indicates that Fuel A has unacceptable wax behavior if
operated at the lowest optimal viscosity. This means that
wax related filter plugging could occur if a marine vessel
attempts to operate Fuel A at an operating viscosity of about
12 ¢St or higher, or, said another way, applying sufficient
heat to Fuel A to ensure all wax is in a molten state results
in an operating viscosity that is not in the correct range to
provide ideal engine operation (i.e. between about 12 to 18
cSt). Ratio>1 for OV, indicates Fuel A has acceptable wax
behavior if operated at the lowest allowable viscosity. This
means that wax related filter plugging would not occur if a
marine vessel attempts to operate Fuel A at an operating
viscosity of about 2 c¢St, or, said another way, applying
sufficient heat to Fuel A to ensure all wax is in a molten state
results in an operating viscosity that is in the allowable range
(i.e. between about 2 ¢St to less than about 12 cSt).

TABLE 4
Heavy
Fraction Distillate
Cl1 Flux 1 Fuel A
Heavy Fraction 100 0 25
C1 vol. %
Distillate 0 100 75

Flux 1 vol. %
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TABLE 4-continued
Heavy
Fraction Distillate
Cl1 Flux 1 Fuel A
Wax Endpoint, ° C. 88 — 66
Kinematic 51.98 — 2.481
Viscosity at
100° C., ¢St
OV at Engine 13.65 12.00 2.275 2.000
Inlet, ¢St
Ratio, KV at 0.18; 0.21; 1.1; 1.2;
100° C. divided by  No No Yes Yes
OV at Engine
Inlet; Ratio > 1?
TABLE 5
Heavy
Fraction Distillate
C1 Flux 1 Fuel A
Heavy Fraction 100 0 25
C1 vol. %
Distillate Flux 1 0 100 75
vol. %
Wax Endpoint, ° C. 88 — 66
KV at 40° C., ¢St 1362 2.888 8.615
KV at 100° C., cSt 51.98 — 2.481
Calculated KV at 84 — 4.5
Wax Endpoint, by
ASTM D341, cSt
OV at Engine  13.65 12.00 2.275 2.000
Inlet, ¢St
Ratio, Calculated 0.33;  0.38; 2.0; 2.3;
KV at wax No No Yes Yes
endpoint
divided by OV at
Engine Inlet;
Ratio > 17
TABLE 6
Ratio, KV at
50° C. divided
Kvat KVat KVat Wax OV at  Wax Flow by Wax Flow
40° C., 50° C., 100° C., Endpoint, Engine  Viscosity, Viscosity;
Component cSt cSt cSt °C. m Inlet, cSt cSt Ratio >1?
Fuel A 8.615 6.618 2.481 66 -0.0091 12.00 16.7 0.40 ; No
2.000 2,79 2.37; Yes
Example 5 the lowest optimal operating viscosity adjusted to account

In this example, wax behavior is determined for Fuel B,
a second fuel composition created by blending a heavy
petroleum fraction (Heavy Petroleum Fraction C1) and a
distillate flux (Distillate Flux 2). Detailed properties of Fuel
B are provided in FIG. 7. Compared to the prior example
(Example 4, Fuel A) a key difference in the fuel composition
is the quality of Distillate Flux 2. Distillate Flux 2 is
characterized by a slightly lower kinematic viscosity, mea-
sured at 40° C. and 100° C., which results in a slightly lower
viscosity blended fuel composition holding other compo-
nents and concentrations of components constant.

First, wax behavior of Fuel B is determined using the
approach of measuring kinematic viscosity (KV) of the fuel
composition at a temperature of 100° C., and generating a
ratio of the KV at 100° C. to the operating viscosity at the
engine inlet (Table 7), which is in this example is either (a)
the lowest optimal operating viscosity, OV _=12.00 cSt, (b)
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for test precision, OV, =13.65 cSt, (c) the lowest allowable
operating viscosity, OV _,=2.000 cSt, or (d) the lowest allow-
able operating viscosity adjusted to account for test preci-
sion, OV _=2.275 cSt. Ratios=l for OV, OV, and OV,
indicate that Fuel B has unacceptable wax behavior if
operated at the lowest optimal viscosity, and the lowest
allowable viscosity after adjusting for test precision. This
means that wax related filter plugging could occur if a
marine vessel attempts to operate Fuel B at an operating
viscosity of about 2.275 ¢St or 12 ¢St or 13.65 ¢St or higher,
or, said another way, applying sufficient heat to Fuel B to
ensure all wax is in a molten state results in an operating
viscosity that is not in the correct range to provide ideal
engine operation (i.e. between about 12 to 18 ¢St) nor in the
allowable range after accounting for test precision. Ratio>1
for OV, indicate Fuel B has acceptable wax behavior if
operated at the lowest allowable viscosity, but the finding is
not robust in view of test reproducibility. This means that
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wax related filter plugging may not occur if a marine vessel
attempts to operate Fuel B at an operating viscosity of about
2 c8St, or, said another way, applying sufficient heat to Fuel
B to ensure all wax is in a molten state results in an operating
viscosity that at least about 2.000 cSt, but less than about
2.275 cSt, the lowest allowable operating viscosity adjusted
to account for test precision.

Next, wax behavior of Fuel B is determined by calculating
kinematic viscosity (KV) of the fuel composition at its wax
endpoint temperature, and generating a ratio of the KV at the
wax endpoint temperature to the operating viscosity at the
engine inlet (Table 8), which is in this example is either (a)
the lowest optimal operating viscosity, OV _=12.00 cSt, (b)
the lowest optimal operating viscosity adjusted to account
for test precision, OV, =13.65 cSt, (c) the lowest allowable
operating viscosity, OV ,=2.000 cSt, or (d) the lowest allow-
able operating viscosity adjusted to account for test preci-
sion, OV ,=2.275 cSt. Ratios=<1 for OV _ and OV, indicate
that Fuel B has unacceptable wax behavior if operated at the
lowest optimal viscosity. This means that wax related filter
plugging could occur if a marine vessel attempts to operate
Fuel B at an operating viscosity of about 12 ¢St or 13.65 ¢St
or higher, or, said another way, applying sufficient heat to
Fuel B to ensure all wax is in a molten state results in an
operating viscosity that is not in the correct range to provide
ideal engine operation (i.e. between about 12 to 18 cSt).
Ratios>1 for OV, and OV . indicate Fuel B has acceptable
wax behavior if operated at the lowest allowable viscosity.
This means that wax related filter plugging would not occur
if a marine vessel attempts to operate Fuel B at an operating
viscosity of about 2 ¢St or 2.275 ¢St, or, said another way,
applying sufficient heat to Fuel B to ensure all wax is in a
molten state results in an operating viscosity that is in the
allowable range (i.e. between about 2 ¢St to less than about
12 cSt).

Finally, wax behavior of Fuel B is determined by calcu-
lating wax flow viscosity, and generating a ratio of the KV
at 50° C. to the wax flow viscosity (See Table 9 and FIG. 9).
The wax flow viscosity was calculated using: the measured
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KVs at 40° C. and 100° C. for the blend, the measured wax
endpoint temperature for the blend, and either (a) the lowest
optimal operating viscosity, OV _=12.00 cSt, or (b) the
lowest allowable operating viscosity, OV,=2.000 cSt. A
ratio was generated by dividing by the measured KV at 50°
C. by the calculated wax flow viscosity values. Ratio=1 for
OV, indicates that Fuel B has unacceptable wax behavior if
operated at the lowest optimal viscosity. This means that
wax related filter plugging could occur if a marine vessel
attempts to operate Fuel B at an operating viscosity of about
12 ¢St or higher, or, said another way, applying sufficient
heat to Fuel B to ensure all wax is in a molten state results
in an operating viscosity that is not in the correct range to
provide ideal engine operation (i.e. between about 12 to 18
cSt). Ratio>1 for OV, indicates Fuel B has acceptable wax
behavior if operated at the lowest allowable viscosity. This
means that wax related filter plugging would not occur if a
marine vessel attempts to operate Fuel B at an operating
viscosity of about 2 c¢St, or, said another way, applying
sufficient heat to Fuel B to ensure all wax is in a molten state
results in an operating viscosity that is in the allowable range
(i.e. between about 2 ¢St to less than about 12 c¢St). It is
noted in this example that the approach of generating a ratio
of the KV at 100° C. to the operating viscosity provides an
outcome of Ratio<1, which does not match the outcome of
generating a ratio of the KV at wax endpoint to the operating
viscosity or generating a ratio of the KV50 to the wax flow
viscosity, which both provide an outcome of Ratio>1. As
illustrated in this example, for some embodiments, the
approach of generating a ratio of the KV at 100° C. to the
operating viscosity may incorrectly predict that a fuel com-
position has unacceptable wax behavior. In these cases,
other approaches may be used, such as (1) calculate a KV at
the wax endpoint, and assess wax behavior using the
approach of determining the ratio of KV at wax endpoint to
the operating viscosity, as described in FIG. 1, or (2) assess
by calculating wax flow viscosity, and generating a ratio of
the KV at 50° C. to the wax flow viscosity, as described in
FIG. 2.

TABLE 7
Heavy
Fraction Distillate
Cl1 Flux 2 Fuel B
Heavy Fraction C1 100 0 25
vol. %
Distillate Flux 2 0 100 75
vol. %
Wax Endpoint, ° C. 88 — 69
Kinematic Viscosity — 51.98 — 2.209
at 100° C., ¢St
OV at Engine 13.65 12.00  2.275 2.000
Inlet, cSt
Ratio, KV at 100° C. 0.16; 0.18; 0.97; 1.1;
divided by OV at No No No Yes
Engine Inlet;
Ratio > 1?
TABLE 8
Heavy
Fraction Distillate
C1 Flux 2 Fuel B
Heavy Fraction 100 0 25

C1 vol. %
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TABLE 8-continued
Heavy
Fraction Distillate
C1 Flux 2 Fuel B
Distillate Flux 2 0 100 75
vol. %
Wax Endpoint, ° C. 88 — 69
KV at 40° C., ¢St 1362 2.888 7.27
KV at 100° C., 51.98 2.209
cSt
Calculated KV at 84 — 3.708
Wax Endpoint, by
ASTM D341, cSt
OV at Engine 13.65 12.00 2.275 2.000
Inlet, ¢St
Ratio, Calculated 0.27; 0.31; 1.6; 1.9;
KV at wax No No Yes Yes
endpoint
divided by
OV at Engine
Inlet; Ratio > 1?
TABLE 9
Ratio, KV at
50° C. divided
Kvat KVat KVat Wax OV at  Wax Flow by Wax Flow
40° C., 50° C., 100° C., Endpoint, Engine  Viscosity, Viscosity;
Component cSt cSt cSt °C. m Inlet, cSt cSt Ratio > 17
Fuel B 7.27 5.741 2.209 69 —-0.00862 12.00 17.5 0.33; No
2.000 292  1.97; Yes
Example 6 marine vessel attempts to operate Fuel C at an operating

In this example, wax behavior of Fuel C is determined by
calculating wax flow viscosity, and generating a ratio of the
KV at 50° C. to the wax flow viscosity. See Table 10 and

viscosity of about 2 c¢St, or, said another way, applying
sufficient heat to Fuel C to ensure all wax is in a molten state
results in an operating viscosity that is in the allowable range
(i.e. between about 2 ¢St to less than about 12 cSt).

TABLE 10
Ratio, KV at
50° C. divided
Kvat KVat KVat Wax OV at  Wax Flow by Wax Flow
40° C., 50° C., 100° C., Endpoint, Engine  Viscosity, Viscosity;
Component cSt cSt cSt °C. m Inlet, ¢St cSt Ratio >1?
Fuel C 32.17 20.57 5.51 81 -0.01234 12.00 29.0 0.71; No
2.000 4.8  4.29; Yes
FIG. 10 and FIG. 11. The wax tflow viscosity was calculated Example 7

using: the measured KVs at 40° C., 50° C., and 100° C., the
measured wax endpoint temperature, and either (a) the
lowest optimal operating viscosity, OV _=12.00 cSt, or (b)
the lowest allowable operating viscosity, OV _=2.000 cSt. A
ratio was generated by dividing by the measured KV at 50°
C. by the calculated wax flow viscosity values. Ratio<1 for
OV, indicates that Fuel C has unacceptable wax behavior if
operated at the lowest optimal viscosity. This means that
wax related filter plugging could occur if a marine vessel
attempts to operate Fuel C at an operating viscosity of about
12 ¢St or higher, or, said another way, applying sufficient
heat to Fuel C to ensure all wax is in a molten state results
in an operating viscosity that is not in the correct range to
provide ideal engine operation (i.e. between about 12 to 18
cSt). Ratio>1 for OV, indicates Fuel C has acceptable wax
behavior if operated at the lowest allowable viscosity. This
means that wax related filter plugging would not occur if a

In this example, wax behavior of Fuel D is determined by
calculating wax flow viscosity, and generating a ratio of the
KV at 50° C. to the wax flow viscosity. See Table 11 and
FIG. 10 and FIG. 12. The wax tflow viscosity was calculated
using: the measured KVs at 40° C., 50° C., and 100° C., the
measured wax endpoint temperature, and either (a) the
lowest optimal operating viscosity, OV _=12.00 cSt, or (b)
the lowest allowable operating viscosity, OV _=2.000 cSt. A
ratio was generated by dividing by the measured KV at 50°
C. by the calculated wax flow viscosity values. Ratios>1 for
OV, and OV, indicate Fuel D has acceptable wax behavior
if used as a fuel on a marine vessel. This means that wax
related filter plugging would not occur if a marine vessel
attempts to operate using Fuel D, or, said another way, heat
may be applied to Fuel D to ensure all wax is in a molten
state while resulting in an operating viscosity that is in the
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allowable range (i.e. between about 2 ¢St to less than about
12 ¢St) or the optimal range (i.e. between about 12 ¢St to
about 18 cSt).

38

indicating acceptable wax behavior. FIG. 15 shows the
properties of the different sample blended marine fuel com-
positions with unacceptable wax behaviors. As illustrated,

TABLE 11
Ratio, KV at
Kvat KVat KVat Wax Wax Flow 50° C. divided by Wax
40° C., 50° C., 100° C., Endpoint, Viscosity, Flow Viscosity;
Component cSt cSt cSt °C. m cSt Ratio >1?
Fuel D 72.06 48.33 9.00 81 -0.01491 34.8 1.39; Yes
5.80  8.33; Yes
Example 9 Fuels 18-25 have a ratio of KV50 to wax flow viscosity of
15

In this example, the wax behavior of Heavy Component
A7 is determined using the approach of measuring kinematic
viscosity (KV) of the fuel composition at a temperature of
100° C., and generating a ratio of the KV at 100° C. to the
operating viscosity at the engine inlet (Table 12), which is in
this example is either (a) the lowest optimal operating
viscosity, OV _=12.00 cSt, (b) the lowest optimal operating
viscosity adjusted to account for test precision, OV _=13.65
cSt, (c) the lowest allowable operating viscosity, OV ,=2.000
cSt, or (d) the lowest allowable operating viscosity adjusted
to account for test precision, OV =2.275 cSt. Ratios>1 for
Heavy Fraction A7 show Heavy Fraction A7 has acceptable
wax behavior (i.e. no wax-related filter plugging concerns)
if used as a fuel on a marine vessel. This means that wax
related filter plugging would not occur if a marine vessel
attempts to operate using Heavy Fraction A7, or, said
another way, heat may be applied to Heavy Fraction A7 to
ensure all wax is in a molten state while resulting in an
operating viscosity that is in the allowable range (i.e.
between about 2 ¢St to less than about 12 ¢St) or the optimal
range (i.e. between about 12 ¢St to about 18 cSt).

TABLE 12

less than or equal to 1, indicating unacceptable wax behav-
ior.
PCT/EP Clauses:

1. A marine fuel composition having the following enu-
merated properties: a kinematic viscosity at 50° C. of 5 ¢St
to 700 cSt; a wax endpoint temperature of less than 100° C.;
and a ratio of kinematic viscosity at 100° C. to operating
viscosity greater than 1, wherein the operating viscosity is at
least 2 cSt, and wherein the marine fuel composition exists
in a liquid phase with essentially all the wax in the compo-
sition melted (essentially free of solid wax) prior to fuel
injection into a marine engine.

2. The marine fuel composition of clause 1, where the
sulfur content is 0.50 wt. % or less by weight of the marine
fuel composition.

3. The marine fuel composition of clauses 1-2, wherein
the density at 15° C. of the to composition is 0.86 g/cm3 to
1.01 g/cm3.

4. The marine fuel composition of clauses 1-3, wherein
the T90 distillation point of the composition is 450° C. to
750° C.

Ratio, Calculated KV at
Wax Endpoint divided

KV at
40° C.,
cSt

KV at
50° C,,
cSt

KV at Wax
100° C., Endpoint,
cSt °C.

Component m

by Minimum KV at
Engine Inlet;
Ratio >1?

Heavy Fraction A7 708432 3710 102 3281

13.65 240; Yes

12.00  273; Yes

2.275 1442; Yes
2.000 1641; Yes

Example 10

In this example, ten different heavy fractions and ten
different distillate fluxes were used to prepare several dif-
ferent sample marine fuel compositions, identified as Fuels
1-27. FIG. 13 shows the properties of the different heavy
fractions and fluxes used in this example, identified as HFs
(heavy fractions) and DFs (fluxes). Wax flow viscosities
were calculated according to the previously described
approach using the lowest optimal operating viscosity rec-
ommended by the engine manufacturer (“OV,”) as the
operating viscosity in the calculation. FIG. 14 shows the
properties of the sample blended marine fuel compositions
with acceptable wax behaviors (i.e., a ratio of KV50 to wax
flow viscosity of greater than 1). As illustrated, Fuels 1-17
have a ratio of KV50 to wax flow viscosity greater than 1,
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5. The marine fuel composition of clauses 1-4, wherein
the carbon residue of the composition is 0.5 wt. % to 18 wt.
%.

6. The marine fuel composition of clauses 1-5, wherein
the asphaltene content of the composition is 0.5 wt. % to 10
wt. %.

7. The marine fuel composition of clauses 1-6, wherein
the marine fuel composition is a distillate marine fuel.

8. The marine fuel composition of clauses 1-6, wherein
the marine fuel composition is a residual marine fuel.

9. A marine fuel composition having the following enu-
merated properties: a kinematic viscosity at 50° C. of 5 ¢St
to 700 cSt; a wax endpoint temperature of 35° C. to 130° C.;
and a ratio of kinematic viscosity at wax endpoint tempera-
ture to operating viscosity greater than 1, wherein the
operating viscosity is at least 2 ¢St, and wherein the marine
fuel composition exists in a liquid phase with essentially all
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the wax in the composition melted (essentially free of solid
wax) prior to fuel injection into a marine engine.

10. The marine fuel composition of clause 9, wherein the
sulfur content is 0.50 wt. % or less by weight of the marine
fuel composition.

11. The marine fuel composition of clauses 9-10, wherein
the density at 15° C. of the composition is 0.86 g/cm3 to 1.01
g/cm3.

12. The marine fuel composition of clauses 9-11, wherein
the T90 distillation point of the composition is 450° C. to
750° C.

13. The marine fuel composition of clauses 9-12, wherein
the carbon residue of the composition is 0.5 wt. % to 18 wt.
%.

14. The marine fuel composition of clauses 9-13, wherein
the asphaltene content of the composition is 0.5 wt. % to 10
wt. %.

15. The marine fuel composition of clauses 9-14, wherein
the marine fuel composition is a distillate marine fuel.

16. The marine fuel composition of clauses 9-14, wherein
the marine fuel composition is a residual marine fuel.

17. A marine fuel composition having the following
enumerated properties: a kinematic viscosity at 50° C. of 5
cStto 700 cSt; a wax endpoint temperature of 35° C. to 130°
C.; and a ratio of kinematic viscosity at 50° C. to wax flow
viscosity of greater than 1, wherein the wax to flow viscosity
is calculated using an operating viscosity of 2 ¢St, and
wherein the marine fuel composition exists in a liquid phase
with essentially all the wax in the composition melted
(essentially free of solid wax) prior to fuel injection into a
marine engine.

18. The marine fuel composition of clause 17, wherein the
wax flow viscosity is calculated using an operating viscosity
of 12 cSt.

19. The marine fuel composition of clauses 17-18,
wherein the sulfur content is 0.50 wt. % or less by weight of
the marine fuel composition.

20. The marine fuel composition of clauses 17-19,
wherein the density at 15° C. of the composition is 0.86
g/cm3 to 1.01 g/em3.

21. The marine fuel composition of clauses 17-20,
wherein the T90 distillation point of the composition is 450°
C. to 750° C.

22. The marine fuel composition of clauses 17-21,
wherein the carbon residue of the composition is 0.5 wt. %
to 18 wt. %.

23. The marine fuel composition of clauses 17-22,
wherein the asphaltene content of the composition is 0.5 wt.
% to 10 wt. %.

24. The marine fuel composition of clauses 17-23,
wherein the marine fuel composition is a distillate marine
fuel.

25. The marine fuel composition of clauses 17-23,
wherein the marine fuel composition is a residual marine
fuel.

While the invention has been described with respect to a
number of embodiments and examples, those skilled in the
art, having benefit of this disclosure, will appreciate that
other embodiments can be devised which do not depart from
the scope and spirit of the invention as disclosed herein.
Although individual embodiments are discussed, the inven-
tion covers all combinations of all those embodiments.

While compositions, methods, and processes are
described herein in terms of “comprising,” “containing,”
“having,” or “including” various components or steps, the
compositions and methods can also “consist essentially of”
or “consist of” the various components and steps. The
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phrases, unless otherwise specified, “consists essentially of”
and “consisting essentially of”” do not exclude the presence
of other steps, elements, or materials, whether or not,
specifically mentioned in this specification, so long as such
steps, elements, or materials, do not affect the basic and
novel characteristics of the invention, additionally, they do
not exclude impurities and variances normally associated
with the elements and materials used.

For the sake of brevity, only certain ranges are explicitly
disclosed herein. However, ranges from any lower limit may
be combined with any upper limit to recite a range not
explicitly recited, as well as, ranges from any lower limit
may be combined with any other lower limit to recite a range
not explicitly recited, in the same way, ranges from any
upper limit may be combined with any other upper limit to
recite a range not explicitly recited.

The invention claimed is:

1. A marine fuel composition having the following enu-
merated properties:

a kinematic viscosity at 50° C. of about 5 ¢St to about 100

cSt;

a wax endpoint temperature of less than about 100° C.;

a kinematic viscosity at 100° C. of at least 2 ¢St; and

a carbon residue of 0.5 wt % to 10 wt %.

2. The marine fuel composition of claim 1, wherein the
kinematic viscosity at 100° C. is at least 10 cSt.

3. The marine fuel composition of claim 1, wherein the
sulfur content of the composition is about 0.50 wt. % or less
by weight of the marine fuel composition.

4. The marine fuel composition of claim 1, wherein the
density at © C. of the composition is about 0.86 g/cm3 to
about 1.01 g/cm3.

5. The marine fuel composition of claim 1, wherein the
T90 distillation point of the composition is about 450° C. to
about 750° C.

6. The marine fuel composition of claim 1, wherein the
carbon residue of the composition is about 0.5 wt. % to
about 5 wt. %.

7. The marine fuel composition of claim 1, wherein the
asphaltene content of the composition is about 0.5 wt. % to
about 10 wt. %.

8. A marine fuel composition having the following enu-
merated properties:

a kinematic viscosity at 50° C. of about 5 ¢St to about 700

cSt;

a wax endpoint temperature of about 35° C. to about 130°

C.;

a kinematic viscosity at wax endpoint temperature of at

least 2 c¢St; and

a carbon residue of 0.5 wt % to 10 wt %.

9. The marine fuel composition of claim 8, wherein the
kinematic viscosity at wax endpoint temperature is at least
10 c8St.

10. The marine fuel composition of claim 8, wherein the
sulfur content is about 0.50 wt. % or less by weight of the
marine fuel composition.

11. The marine fuel composition of claim 8, wherein the
density at © C. of the composition is about 0.86 g/cm3 to
about 1.01 g/cm3.

12. The marine fuel composition of claim 8, wherein the
T90 distillation point of the composition is about 450° C. to
about 750° C.

13. The marine fuel composition of claim 8, wherein the
carbon residue of the composition is about 0.5 wt. % to
about 5 wt. %.
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14. The marine fuel composition of claim 8, wherein the
asphaltene content of the composition is about 0.5 wt. % to
about 10 wt. %.

15. A marine fuel composition having the following
enumerated properties:

a kinematic viscosity at 50° C. of about 5 ¢St to about 100

cSt;

a wax endpoint temperature of 100° C. or less;

a kinematic viscosity at 100° C. at least 2 ¢St; and

a T90 distillation point of 450° C. or more.

16. The marine fuel composition of claim 15, wherein the
kinematic viscosity at 100° C. at least 10 cSt.

17. The marine fuel composition of claim 15, wherein the
sulfur content is about 0.50 wt. % or less by weight of the
marine fuel composition.

18. The marine fuel composition of claim 15, wherein the
density at ° C. of the composition is about 0.86 g/cm3 to
about 1.01 g/cm3.

19. The marine fuel composition of claim 15, wherein the
T90 distillation point of the composition is about 450° C. to
about 750° C.

20. The marine fuel composition of claim 15, wherein the
carbon residue of the composition is about 0.5 wt. % to
about 18 wt. %.

21. The marine fuel composition of claim 15, wherein the
asphaltene content of the composition is about 0.5 wt. % to
about 10 wt. %.
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